Radial heterogeneity evolution in polyacrylonitrile-based carbon fiber precursor during thermal stabilization by Nunna, Srinivas
Radial Heterogeneity Evolution in Polyacrylonitrile-based 
Carbon Fiber Precursor during Thermal Stabilization 
by 
Srinivas Nunna 
Master of Engineering (M.E) 
Submitted in fulfilment of the requirements for the degree of 
Doctor of Philosophy 
Deakin University 
[February, 2017]  


Acknowledgements
 
 
I would like to convey my sincere gratitude to my supervisors Dr. Claudia 
Creighton, Dr. Minoo Naebe, Dr. Nishar Hameed, Prof. Bronwyn L. Fox and Dr. 
Robert Knott for their valuable guidance and suggestions for my work. I also 
extend my gratitude to Dr. Peter Lynch for his support, suggestions and knowledge 
sharing in the X-ray analysis of my fiber samples. 
I would like to thank the Federal and State Government of Australia for providing 
the funds for this research. I also thank the Australian Institute of Nuclear Science 
and Engineering (AINSE) for providing me an opportunity to work with Australian 
Nuclear Science and Technology Organisation (ANSTO) and their financial support 
in the form of Postgraduate Research Award. I extend my thanks to the Australian 
Synchrotron facility for providing me the opportunity to utilize IR imaging, X-ray 
fluorescence and SAXS/WAXS beam lines to characterize my samples. 
I would like to acknowledge the advanced characterization facility at Deakin 
University for their kind support and the operational team of the carbon fiber 
manufacturing facility, Carbon Nexus, for their help in manufacturing the fiber 
samples. I would like to extend my thanks to Mr. Madhu Suryanarayana, Mr. Peter 
Bruchmueller and Mr. Srikanth Mateti for their help with the sample preparation. 
I also thank all technical officers who trained me on the fiber characterization 
instruments. I am thankful to Dr. Andreea Voda for her kind support to perform 
Raman spectroscopy on the fiber samples. I also extend my regards to the 
Australian synchrotron IR beam line scientists Dr. Mark Tobin, Dr. Keith Bambery, 
Dr. Jitraporn Vongsvivut for their kind help in experimental setup to perform IR 
imaging on the cross-section of the fibers. I also thank Mr. Maxime Maghe for his 
kind support during IR imaging sessions. I would like to thank Mr. Si Qin for training 
me to perform elemental analysis on my samples. 
I owe a lot to the members of my family and friends for their understanding and 
supporting my ambitions. Especially, my mother Mrs. Kanaka Durga and Ms. 
Anbharasi Vanangamudi for their motivation during this journey.
I 
 
Abstract
 
     Carbon fibers play an essential role in the field of materials because of their 
high specific strength, low density and high specific stiffness. In the current 
commercial market, 90% of carbon fibers are manufactured from 
poly(acrylonitrile) (PAN) based precursors due to their ability to manufacture high 
strength carbon fibers with a commercially more competitive carbon yield.  
According to the theoretical C-C bond strength, carbon fibers could potentially 
possess a tensile strength of ~180 GPa. However, the strongest carbon fibers 
currently available have a tensile strength of approximately 7 GPa. This significant 
gap between the predicted and actual strength is ascribed to structural defects 
evolved during the carbon fiber manufacturing process. The manufacture of 
carbon fibers from PAN based precursors generally involves four stages; thermal 
oxidative stabilization in air followed by primary and secondary carbonization, 
graphitization in an inert atmosphere, preferably Nitrogen/Argon of high purity. 
The structure and properties of carbon fibers strongly depend on the evolution of 
fiber structure during the stabilization process. Moreover, structural 
transformations in fibers during this process makes them flame resistant and 
withstand high temperatures during carbonization. Hence, thermal stabilization is 
considered the most critical step in carbon fiber manufacturing. Radial 
heterogeneity, often referred to as the ‘Skin-Core’ effect, and develop in fibers 
during stabilization is considered to be one of the structural defects which affects 
the resultant carbon fiber properties. However, the formation of skin-core and its 
impact on the radial structure and properties during the thermal stabilization 
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process is not well understood. Hence, the focus of this work is to (1) obtain a 
fundamental understanding of the reasons for the formation of the skin-core 
effect, (2) understand and analyze the structural variations in the cross-section 
and (3) study the influence of structural variations on the properties as a function 
of fiber radius during the thermal stabilization process.  
In the first part of this work, a systematic relationship was developed between 
process parameters, progress of reactions and the evolution of skin-core using the 
Taguchi approach. A design of experiments was established based on the main 
process parameters, Temperature, Time and Tension. It was identified that the 
progress of reactions in the fibers was improved by using a combination of higher 
temperature, dwell time and lower tension.  However, the use of high 
temperature played a critical role in the development of the skin-core effect in 
fibers. The influence of skin-core formation on the radial modulus (modulus 
variation across the fiber cross-section) and morphology was further studied. 
Interestingly, results indicated that the fiber core possessed a higher modulus 
than the skin. Unlike reported in the literature, no skin-core fracture behaviour 
was observed using fracture morphology analysis. Based on these observations a 
hypothesis is presented which suggests that the radial heterogeneity may have 
developed due to a combination of heterogeneous distribution of oxygen and the 
higher extent of cyclization in the fiber core. 
In the second part of this thesis, a comparative study was conducted between 
samples thermally treated in air and vacuum at extreme processing temperatures, 
to incorporate the skin-core effect and to further establish the influence of oxygen 
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on the cross-sectional structure and fiber properties. It was identified that the 
treatment temperature affects the oxygen content in the fibers and only the fibers 
treated in air showed the presence of the skin-core effect. Interestingly, a 
difference in skin and core modulus values was observed in the fibers treated in 
air, with the skin having a higher modulus than the core. In contrast, no variation 
in the radial modulus was observed in the cross-section of the vacuum treated 
samples. Based on the sp3 to sp2 hybridization of carbon atoms in the skin and the 
core of fibers with increased temperatures, it was proposed that the higher 
modulus in the skin compared to the core was attributable to the evolution of 
compact regions promoted by intermolecular cross-linking in the fiber structure 
following the diffusion of oxygen. Moreover, unlike in the first study, the major 
structure, property and morphology differences in the fiber cross-sections were 
evident when fibers were processed at extreme processing conditions in air.  
In the third part of this thesis, the fundamental reasons for the formation of 
different cross-linked structures in the skin and the core of fibers were elucidated. 
For the first time, infra-red (IR) imaging on the fiber cross-sections at a micro-scale 
level was performed using the synchrotron source to understand the progress of 
stabilization reactions. It was observed that the cyclization reaction progressed to 
a higher extent in the core than the skin. In combination with micro-Raman 
studies, different cross-linking mechanisms were proposed for the skin and the 
core of the fibers. In order to reinforce the observations from IR imaging, a 
confirmation study was conducted by performing X-ray analysis on single 
filaments using a Synchrotron source showing that the higher the cyclization, the 
lower the crystallite size. It was confirmed that the core of the treated fibers 
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showed an apparent crystallite size lower than the skin. Finally, it was found that 
less cross-linking occurred in the core due to different reaction mechanisms 
caused by excess heat developed during the exothermal cyclization reaction, not 
being dissipated from the core. 
The overall outcome is that this study helps to understand and control structural 
defects that evolve at each stage of the stabilization process and further assists in 
the production of high performance carbon fibers. 
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CHAPTER ONE
 
1. Introduction 
 
 1.1 Overview 
 
A fiber which contains at least 92 wt% of carbon is defined as a carbon fiber [1]. 
Carbon fibers play an essential role in the field of materials science and 
engineering because of their unique properties - low density, high specific 
strength and high specific stiffness and low thermal expansion [2-4]. Moreover, 
their excellent strength retention capabilities, even at 2000 °C and above 
especially in inert atmosphere, give them an important place in contemporary 
technologies [5]. The global market for carbon fiber has been growing steadily 
since 2009. From 2009 to 2015 the demand grew from 26,500 tonnes to 58,000 
tonnes [6, 7]. Figure 1-1 shows the growth in the carbon fiber market globally from 
2008 to 2015, the estimated demand for 2016 to 2022 and the consumption of 
carbon fiber composites by application in 2015. The automotive industry holds the 
second largest share of about 22 % as of 2015 [6, 7]. 
Carbon fibers find applications in the field of automotive, aerospace, sports, 
nuclear technology and chemical engineering [2, 8]. Carbon fiber and its structural 
composites have been a primary choice in industrial applications requiring 
lightweight, mechanically strong materials [9]. Commercial aircraft such as the 
Boeing 787 and Airbus 350 make extensive use of carbon fiber reinforced 
composites. The Airbus A310 contains a vertical stabilizer, which is a structural 
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and crucial aerodynamic member, fabricated completely with carbon fiber 
composites to reduce mass by up to 400 kg compared to aluminium. The superior 
mechanical properties of carbon fiber composites make them excellent 
candidates to replace conventional materials such as aluminium and titanium 
alloys [10, 11]. The properties of carbon fibers depend critically on the precursor 
and respective processing conditions [12].  
 
Figure 1-1. Carbon fiber market growth and application wise distribution a) Global 
demand for carbon fibers since 2008 and its estimated demand. b) Carbon fiber 
composite consumption by application in 2015 (total: 1,16,500 tonnes) [6, 7]. 
 
Carbon fibers can be manufactured from various precursors including 
polyacrylonitrile (PAN), rayon and pitch [13, 14]. However, the majority of the 
commercial carbon fibers are manufactured from PAN precursor because of its 
ability to produce high performance carbon fibers with a good carbon yield at a 
faster rate of pyrolysis [2, 15-23].  During the manufacturing process, the PAN 
precursor fibers experience substantial physical and chemical changes [24, 25]. 
The manufacture of carbon fibers involves three steps; 1. Thermal stabilization of 
PAN precursor fibers in air atmosphere in a temperature range of 200 – 300 °C 
[15, 17, 26, 27]; 2. Low temperature carbonization in inert atmosphere up to 700 
– 1000 °C [14, 28-31]; and 3. High temperature carbonization up to 1600 °C [14, 
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15]. The overview of the manufacturing process and associated structural changes 
in the fibers is shown in Figure 1-2. 
 
Figure 1-2. A schematic of the conversion of PAN fiber to carbon fiber taken from the 
Carbon Nexus Manufacturing Plant, Australia and corresponding proposed chemical 
structures at each stage of carbon fiber manufacturing process [15] 
 
In the course of this conversion, the linear structure of the PAN precursor will be 
converted to a ladder polymer structure at the end of thermal stabilization, which 
further transforms to a turbostratic graphitic structure in the resultant carbon 
fibers [15, 32, 33]. Out of the three stages of manufacturing, the thermal 
stabilization of PAN precursor fibers is considered to be the most critical and time 
consuming step in the manufacturing process [34, 35]. During the thermal 
stabilization process, a skin-core difference (also known as radial heterogeneity) 
occurs in the fiber cross-sections [36]. This skin-core difference will further be 
transferred to the final carbon fibers and affects the tensile properties of the fibers 
[36, 37]. The reasons for the formation of the skin-core effect reported in the 
literature are often suppositious. Moreover, the fundamentals of the skin-core 
4 
 
formation during the thermal stabilization process on a micro-structural level, and 
its effects on mechanical property variation, are not well understood. 
1.2 Research aim and objectives 
 
       The purpose of this research is to attain an inherent knowledge on the radial 
heterogeneity / skin-core development in PAN fibers during thermal stabilization, 
to help identify solutions to prevent the formation of the skin-core effect and 
improve the quality of resultant carbon fibers.        
The overall objective of this study is to develop a fundamental understanding of 
various facets of evolution of radial heterogeneity in fibers during the thermal 
stabilization process. To achieve this goal, the relationship between stabilization 
process parameters and the skin-core formation in PAN precursor fibers was 
investigated using advanced, high-resolution characterisation techniques that 
allowed analysis of the fiber cross-section. This work further assesses the 
influence of the atmospheric process environment on the evolution of the radial 
structure and properties of the fibers and identifies radial structure-property 
relationships in PAN fibers during thermal stabilization.  
Research questions: 
1. What is the influence of process parameters such as temperature, time and 
tension on the progress of reactions and evolution of radial heterogeneity during 
thermal stabilization of PAN fibers? 
2. What is the role of oxygen on the evolution of radial heterogeneity in the fibers? 
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3. How does the transformation of chemical and physical structures take place 
radially during the thermal stabilization of PAN fibers? 
1. 3 Thesis outline 
 
The outline of this thesis and its chapters are given below: 
In Chapter 2, a review of existing literature on the evolution of radial 
heterogeneity/ skin-core effect in PAN fibers during the thermal stabilization 
process is provided. This review begins with an introduction to the fundamental 
reactions and structural changes that occur during the thermal stabilization of 
PAN fibers. Following, the various theories that explain the reasons behind the 
formation of skin-core in the fibers are described. The discrepancies in the existing 
theories are emphasized. Furthermore, the influence of formation of skin-core 
effect on the radial structure, properties and morphology of the fibers is 
discussed. In addition, the possible solutions suggested by researchers to avoid 
the skin-core formation are provided. Finally, the challenges, discrepancies and 
gaps in the existing work are highlighted in the summary section of this chapter. 
In Chapter 3, a relationship between process parameters, the progress of 
reactions and the evolution of radial heterogeneity is established systematically 
using a Taguchi approach. Initially, the levels of process parameters were defined 
based on a burnout test and an L9 orthogonal matrix was chosen for the design of 
experiments. The relationship between the process parameters and fiber density 
was obtained. In order to complement that relationship, progress of reactions and 
the variation in thermal behaviour of the fibers were defined. Based on the 
outcome of relationships in combination with the observed radial heterogeneity 
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in fibers, a favourable set of process parameters was defined for the initial stage 
of the stabilization process. In addition, evidence of heterogeneity in the modulus 
across the fiber cross-section and fracture morphology of the fibers was provided. 
Importantly, various questions were raised regarding the influence of oxygen and 
the progress of reactions radially on the formation of radial heterogeneity in the 
fibers. 
In Chapter 4, intrinsic evidence for the role of oxygen in the evolution of the radial 
heterogeneity was provided by comparing samples treated in air and vacuum 
under extreme temperature conditions. Initially, the existence of radial 
heterogeneity in the fibers treated under various temperatures in different 
atmospheres was examined. The variation in the radial modulus (modulus 
variation as a function of radial distance) was studied and complemented by 
analysis of the structural differences in the skin and core of the fibers treated in 
air and vacuum. Finally, the difference in structure was complemented by fracture 
morphology studies on the fiber samples. 
In Chapter 5, the progress of reactions in the cross-section of the fibers was 
assessed by understanding the chemical and physical structure variations with 
respect to time during the thermal stabilization process. The gradient in the 
progress of reactions from skin to core was evaluated using a synchrotron IR 
imaging technique on the fiber cross-sections for the first time. The variations in 
chemical structure were then compared with the microstructure variation 
observed in the lateral direction of the fibers using synchrotron micro-XRD. Finally, 
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the presence of various chemical structures in the skin and core of the fibers was 
proposed based on IR imaging and micro-Raman studies. 
Chapter 6 provides the concluding remarks of the thesis, highlighting various 
reasons for the formation of the skin-core effect and its influence on the radial 
structure and modulus variations in the cross-section of the fibers during the 
thermal stabilization process. Finally, future recommendations are given, which 
would help to answer remaining questions related to the skin-core effect.
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The content of this chapter has been taken from S. Nunna, M. Naebe, N. Hameed, B.L. 
Fox, C. Creighton, Evolution of radial heterogeneity in polyacrylonitrile fibers during 
thermal stabilization: An overview, Polymer Degradation and Stability 136 (2017) 20-30. 
CHAPTER TWO
 
2. Literature Review 
 
2.1 Introduction 
 
     Thermal stabilization is the initial stage of the carbon fiber manufacturing 
process. At the end of this stage, the fibers are thermally stable and will withstand 
high temperatures during carbonization [38-40]. It is an exothermic process that 
involves reactions such as cyclization, dehydrogenation and oxidation [41, 42]. As 
a result of these reactions, various structural changes in the polymer backbone 
were proposed in the literature as shown in Figure 2-1  [15, 17, 42, 43]. The 
cyclization reaction leads to the formation of cyclized structures in the polymer 
with the conversion of CN to C=N. The dehydrogenation reaction is associated 
with the elimination of hydrogen in the form of H2O and further helps in the 
development of double bonds between carbon atoms. The formation of carbonyl 
(C=O) groups takes place after the oxidation reaction [34, 41, 44, 45]. The final 
properties of the carbon fibers significantly depend on the structure of the 
thermally stabilized PAN fibers [34, 39, 46, 47].
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Figure 2-1. Proposed structural transformations during the thermal stabilization of PAN 
fibers [15]. 
 
Despite research work conducted over the last 60 years, the strongest carbon 
fibers commercially available in the market possess a tensile strength of ~ 7 GPa 
and a tensile modulus of ~ 290 GPa, however based on the C-C bond strength 
calculations, the theoretical tensile strength of the carbon fibers is ~ 180 GPa and 
a tensile modulus of up to 1000 Gpa [16, 34, 48, 49]. The enormous gap between 
theoretical and practically evaluated strength of the carbon fibers is due to the 
presence of structural flaws that arise during the manufacture of carbon fibers 
[50]. The structural imperfections consist of 1. Bulk defects like pores, cracks and 
flaws caused by internal stress; 2. Surface defects such as nicks and punctures; 
and 3. Radial structure heterogeneity known as the skin-core effect [50-53]. When 
fibers are under tension, the presence of the skin-core effect leads to a 
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heterogeneous distribution of stress in the cross-section and finally act as a 
structural defect [52]. 
Hence, in the current review, the focus is on the evolution of radial heterogeneity 
in PAN precursor fibers during the thermal stabilization process and its effect on 
the properties and morphological aspects of the fibers. Moreover, approaches to 
avoid the formation of radial heterogeneity in the fibers that are available in the 
literature are discussed. 
2.2 Various concepts on the evolution of radial heterogeneity  
 
      Radial heterogeneity or the skin-core effect is the variation in the structure 
(physical and chemical) across the cross-section of the fibers. An optical 
microscopy image of the fiber cross-section is shown in Figure 2-2 [54] with the 
skin of the fibers in light colour and core in dark colour. Various studies [36, 54-
60] were conducted on PAN fibers during the thermal stabilization process to 
elucidate this effect. Three main theories related to the development of skin-core 
structure are available in the literature. According to the first theory, the 
heterogeneous distribution of oxygen content across the cross-section of the 
fibers leads to this radial structure heterogeneity. The second theory states that 
the higher extent of cyclization reactions in the core of the fibers compared to skin 
leads to the skin-core effect. The third theory suggests that the skin-core 
structural difference already exists in the precursor, created in the spinning 
process and carried forward during the thermal stabilization process. 
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Figure 2-2. Cross-section morphology of stabilized PAN fibers with radial heterogeneity 
[54] 
 
2.2.1 Concept of heterogeneous distribution of oxygen  
 
     In 1975, Watt et al. [55] performed a comparative study on fibers (Fiber-A with 
vinyl acidic comonomer and Fiber-B without acidic comonomer). Firstly, the 
oxidation kinetics of fibers were observed by treating both the fibers in air at 230 
°C for up to 4hrs. According to the observations, Fiber-B experienced low oxidation 
rate compared to Fiber-A. In addition, unlike Fiber-B, Fiber-A displayed a skin-core 
morphology. Secondly, both the fibers are pre-treated in vacuum at 230 °C for up 
to 6 hrs prior to thermal treatment in air at 230 °C for 4hrs. The pre-treatment has 
showed a significant improvement on the oxidation kinetics of Fiber-B. Moreover, 
both the fibers displayed a skin-core morphology. Based on these observations, 
they mentioned that before pre-treatment the formation of cyclized structures 
would have not taken place readily without the acidic comonomer and therefore 
Fiber-B showed lower oxidation rate compared to Fiber-A and no skin-core 
morphology. However, after pre-treatment because of the availability of cyclized 
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structures in both the fibers the occurrence of the oxidation reaction is rapid 
especially in case of Fiber-B and also displayed skin-core morphology. Reasons for 
the formation of skin-core also proposed as follows, the oxidation of cyclized 
structures on the surface of the fibers reduces further diffusion of oxygen into the 
core and could be the reason for the evolution of this heterogeneity [55]. This 
oxidation process can be diffusion controlled or reaction controlled depending on 
the composition of the precursor [61]. The diffusion controlled process can be 
observed in fibers which contain acidic co-monomers whereas reaction controlled 
process occurs in the fibers without the acid catalyst [62].  
In detail, a combination of prefatory and sequent reactions occurs during the 
thermal stabilization process. The prefatory reactions include nitrile group 
cyclization whereas the sequent reactions are associated with the oxidation of the 
cyclic structures.  
In case of the fibers with acidic constituents, the prefatory reactions occur rapidly 
throughout the fiber through an ionic mechanism. On the fiber surface both types 
of reactions occur simultaneously because of the availability of the oxygen and 
presence of initiators (acidic species). In the core of the fibers only prefatory 
reactions occur because of lack of oxygen as the diffusion of oxygen is limited due 
to the formation of denser structures on the surface leading to a two zone 
morphology [62]. This phenomenon was termed a diffusion controlled process. 
Moreover, Warner et al. [62] proposed that if this is accurate there should be 
variation in the chemical species across the cross-section of the fibers.  
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In case of reaction controlled process (which is observed in the fibers with no acid 
co-monomers), the prefatory reactions quickly occur on the surface of the fibers 
and form the skin. On the other hand, reactions occur less promptly at the 
designated and uniformly distributed inner regions of the fiber. As the oxygen 
permeates the skin it is easier to reach the unreacted regions of the fiber and 
initiate the preliminary and subsequent reactions sequentially and simultaneously 
[62]. Based on the theory proposed, one can assume that the formation of the 
skin-core can be avoided by limiting the process to reaction controlled by avoiding 
the use of acidic co-monomers in the fibers.  
However, the addition of acidic co-monomers facilitates the stabilization process 
by initiating the cyclization reactions through ionic mechanism relatively at lower 
initiation temperatures compared to homopolymers [34]. Thus avoids prompt 
release of exothermic heat and prevents intense molecular chain ruptures and 
thereby enhances carbon yield [41, 63, 64].  Moreover Dunham et al. [65] revealed 
that the treatment temperatures play a critical role in the diffusion of oxygen into 
the fibers in thermal stabilization at temperatures where diffusion controls the 
stabilization progress across the fibers leading to the evolution of skin-core 
heterogeneity. However, this heterogeneity can be eliminated by prolonged 
stabilization times as shown in Figure 2-3 [66].  
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Figure 2-3. Cross-section morphologies of the fibers treated at 230 °C for a) 1 hour b) 7 
hours where skin-core vanishes with the increase in treatment time [66] 
A quantitative analysis was performed by Ko et al. [67] in order to identify the 
relationship between shrinkage allowance (controlled by the speeds of input and 
output rollers of an oven), overall oxygen content in the fibers and the variation 
in the fraction of the core area of the fibers (details are provided in Table 2-1). The 
study identified that the promotion of oxygen to the core region is easier at 
moderate shrinkage allowances. Moreover, further increase in shrinkage led to an 
increase in the fraction of the core area of the fibers which is possibly associated 
with the disorientation of the molecular chains, which further makes it difficult for 
the oxygen to attach to the backbone of the structure. In another study [68] with 
a higher stretch ratio during the thermal stabilization process, a decrease in the 
fraction of core area of the fibers was observed. However, no uniform trend was 
observed in the case of oxygen content in the fibers with respect to stretch ratios. 
These relationships are shown in Figure 2-4. The results presented in Table 2-1 
and Figure 2-4 are contradicting. Moreover, it is difficult to draw a clear conclusion 
from these studies due to the use of different expressions for defining the process 
parameters (stretching on fibers). Hence, from Table 2-1 and Figure 2-4, one can 
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say that the optimum stretch conditions need to be established for greater 
diffusion of oxygen into the fibers.  
Table 2-1. Oxygen wt % and proportion of core with shrinkage allowance [67] 
Sample Shrinkage 
(%) 
Oxygen content 
(%) 
Proportion of 
Core (%) 
A 0 22.8 15.9 
B 14 24.1 13.9 
C 23 23.7 13.6 
D 29 23.4 17 
 
 
Figure 2-4. Percentage of core area and oxygen content in the fibers with respect to 
roller speed ratio [68] 
 
In support of the above mentioned theory, a number of other researchers [54, 69-
71] have published their work. However the conclusions were drawn based on 
optical microscopy imaging technique.  A more advanced technique was used by 
Love and Blanco et al.  [72, 73] who analyzed the oxygen content across the cross-
section of acrylic (Orlon) and pitch fibers using electron probe microscopy analysis 
(EPMA). The results support the assumptions of Watt et al. [55], where the skin of 
16 
  
the fibers is oxygen rich compared to the core [72, 73]. In 2008 Lv et al. [74] 
performed energy dispersive X-ray (EDX) analysis on the cross-section of stabilized 
PAN fibers mounted in epoxy (Figure 2-5) and identified that the oxygen content 
decreased from skin to core region. Though it is not the intention of the review to 
initiate an argument, the details regarding the affected area and the beam size 
were not provided. Since the fibers are of low density materials there is a scope 
for extracting information from the larger area than the beam size. Moreover, as 
the fibers were embedded in epoxy, there is an enhanced chance of attaining the 
oxygen content information from a combination of skin and epoxy at the extreme 
probing points. 
 
Figure 2-5. a) SEM image of the fiber cross-section and probing positions 1) to 4) 
variation in oxygen and carbon elements at respective probing positions [74] 
 
2.2.2. Concept of heterogeneity in the extent of cyclization reaction across 
the cross-section of fibers  
    In contrast to the previous theory, Layden [57] observed skin-core morphology 
in stabilized homopolymer PAN fibers and explained its formation with the 
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outward development of the core region with the progress in thermal 
stabilization. The skin thickness of the fibers decreased as the core proceeded 
outwards rapidly during the initial stages of the thermal treatment, but the 
thickness of the skin reached a constant value as the oxygen content reached 5 
wt% in the fibers. The relationship between skin thickness and the oxygen content 
with respect to treatment time is shown in Figure 2-6 [57]. According to this 
theory, when the fibers are exposed to the stream of heated air in an oven, initially 
the surface temperature of the fibers reaches the temperature of the surrounding 
air. With progress in treatment time the core reaches ambient temperature. With 
further progress in treatment, the extra heat generated by exothermic reactions 
further increases the temperature of the core. After a certain time the core 
temperature reaches the melting point of PAN and melts the core of the fibers. 
Finally the outward development of the core terminates once the oxygen content 
in the fibers reaches approximately 5 wt% because of the thermal stability 
achieved by the skin region with a minimum amount of oxygen absorption. In 
summary, the imbalance between the amount of heat generated in the core and 
the heat dissipated from the core leads to this retrograde core development 
during the thermal treatment of the fibers [57]. In support of this theory Ismail et 
al. [75] proposed that the promotion of cyclization in the core compared to skin 
regions further leads to disoriented ladder polymer structures in the core and 
finally affects the fracture morphology of the fibers. However no scientific 
evidence was provided for the claims. 
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Figure 2-6. Variation in skin thickness and oxygen content with respect to treatment 
time at 270 °C [57] 
Kikuma et al. [76] examined the oxygen distribution across the cross-section of 
the partially and fully stabilized fibers using Auger electron spectroscopy (AES). In 
this case, there was no clear evidence available on the heterogeneous distribution 
of oxygen content from skin to core of the fibers as proposed in the literature 
earlier [76]. In another study, Kikuma et al. [58] stated that the skin-core 
morphology is associated with the chemical state variation of the chemical species 
rather than the variation in the elemental composition. They performed soft X-ray 
spectro-microscopy in order to identify the distribution of functional groups 
across the cross-section of the fibers. Interestingly, in support of the hypothesis 
presented by Layden et al. [57] they observed a high concentration of nitrile 
groups in the skin region compared to the core (Figure 2-7). Moreover, a high 
concentration of C=C was present in the interface between the core and skin of 
the fibers. However, in both studies they never mentioned the precursor 
composition in order to make clear conclusions. 
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Figure 2-7. Nitrile absorption in the early stages of stabilization (left) and late stages of 
stabilization (right). Note: white field indicates higher absorption, dark field indicates 
lower absorption [58] 
2.2.3 Concept of radial structural differences in the precursor 
 
     According to this theory, the initiation of skin-core morphology takes place 
during the wet spinning process. The surface of the fibers will consist of a denser 
structure than the core because of its formation in the early stages of the process 
and further acts as a barrier for the diffusion of solvent from the core of the fiber 
and penetration of precipitating agent into the fiber [62, 77-79]. These rigid 
regions on the surface may evolve into a skin during stabilization [62].  In support 
of these observations, a skin-core morphology difference in PAN precursor fibers 
is shown in Figure 2-8 [80]. However, this phenomenon can be controlled by 
choosing optimum polymer concentration and coagulation bath temperatures. A 
decrease in coagulation bath temperatures slows down inward diffusion of non-
solvents and improves the outward diffusion of solvents during the solidification 
process [81, 82]. An optimum concentration of the polymer solution can therefore 
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improve the fluidity and assists in uniform solidification across the cross-section 
of the fibers [82-84].  
 
Figure 2-8. Skin-core morphology in PAN precursor fibers [80]. 
 
Microstructural differences in the precursor fiber cross-section were also 
presented by Ge et al. [60] as shown in Figure 2-9. According to Transmission 
Electron Microscopy (TEM) imaging, the cross-section of the fiber is divided into 
skin, cortex, endothecium and core regions. The thickness of the layers from skin 
to core is of the order of 0.2, 2, 2 and 6 m approximately. The skin consists of a 
layered structure; the cortex has pillar like structure with good orientation with 
respect to fiber axis; the endothecium consists of layers but not as clear as in the 
cortex and the texture of the core is loose and consists of voids [60].  
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Figure 2-9. TEM images of the a) layered structure of the precursor b) skin of the fiber c) 
cortex region and d) combination of endothecium and core [60] 
 
In addition to these observations, Bai et al.[85] observed spherical structures in 
transverse sections of wet spun PAN fibers as shown in Figure 2-10a. The outer 
layer of the spheres consists of irregular sheets whereas the inner regions consists 
of amorphous material. The origin of these spheres is assumed to be associated 
with the intermolecular dipolar interactions between the nitrile groups. In detail, 
in the event of polymerisation the molecular chains formed at the beginning are 
randomly arranged because of the repulsive nature of intramolecular dipolar 
nitrile groups. With the continuation of molecular chain formation a regularly 
arranged structures evolve around the amorphous core regions because of the 
attractive forces between intermolecular dipolar nitrile groups and finally leading 
to the formation of sphere like structures. Other than the spherical structures, 
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ribbon-like structures were also observed in longitudinal sections. These 
structures are oriented parallel to the fiber axis as shown in Figure 2-10b, c. The 
presence of various microstructures in the longitudinal sections was ascribed to 
the uneven strain distribution in the radial direction during the stretching process. 
Although no localized images were presented from skin and core, the study 
suggests the development of highly oriented and compact structures in the skin 
compared to core of the fibers [85]. To our knowledge, the studies presented so 
far on this phenomenon were mostly based on understanding the effect of 
process conditions on the evolution of precursor fiber structure and morphology 
in the lab scale wet spinning process. Moreover, this type of skin-core morphology 
is not visible in the commercially available precursors [28]. The possible reasons 
for this gap could be the lack of optimised processing conditions in lab scale 
manufacturing and the commercial confidentiality of the precursor manufacturing 
process. One important point to be considered is despite the skin-core not being 
evident in the commercial precursors it is still found in stabilised fibers, which 
further raises questions on this concept [28]. 
 
Figure 2-10. Spherical structures in a) cross-section b) longitudinal sections and c) 
oriented structures across the fiber axis in the longitudinal section of PAN fibers [85] 
 
23 
  
2.3 Influence of skin-core formation on the radial structure, 
properties and morphology 
       In this section the variations in structure and mechanical properties in the 
radial direction, and fracture behaviour of stabilized fibers and resultant carbon 
fibers, will be discussed.  
2.3.1 Investigations on radial microstructure  
 
     The microstructural transformations in carbon fibers were studied with the 
help of various advanced techniques such as Micro-Raman spectroscopy, Micro-
XRD and High resolution-TEM. Micro-Raman spectroscopy has been used to assess 
the variation in the sp3 hybridized carbon atoms (disordered structures) and sp2 
hybridized carbon atoms (considered as graphitic structures or ordered 
structures) in the carbon based materials [86]. The D-band, which is associated 
with disordered structures, can be observed at ~1350 cm-1 whereas the G-band, 
which corresponds to ordered structures, is visible at ~ 1580 cm-1 [87] . The 
relative variation in the intensities of the D and G bands was used to quantify the 
degree of disorder (transformation of sp3 to sp2 hybridized carbons) in the 
structure [86]. Recently, Xue et al. [88] investigated the influence of oxygen 
content inside the stabilization oven on the evolution of radial structural 
heterogeneity in stabilized and corresponding carbon fibers using Raman 
Spectroscopy. It was found that the degree of disorder increased from skin to core 
of stabilized fibers and corresponding carbon fibers. Similarly, a number of studies 
[89-93] are available in the literature which present the skin-core micro structural 
variations in carbon fibers using Raman spectroscopy, which show that the skin is 
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more ordered compared to the core region of the carbon fibers with an increase 
in treatment temperature.  
X-ray diffraction studies (XRD) can provide details on structural transformations in 
the fibers. However, the majority of the studies have focused on the overall 
transformation of the crystal structure in the fibers during the thermal 
stabilization process [16, 38, 94-103]. In order to reveal the variation of structure 
across the cross-section of the fibers, advanced sources which have the capability 
to generate a focussed X-ray beam size of micron or submicron level are required. 
Another advantage of using a submicron level beam size is that the misorientation 
of the crystallites can be separated from the misalignment of individual fibers in 
bundles [103]. Recently, a few studies [104, 105] were performed on the 
transverse direction of the carbon fibers in order to investigate the crystal 
structure variations from skin to core of the fibers. In carbon fibers, the high 
temperature treatment from 1800 to 2400 °C led to an increase in crystallite size, 
and decrease in d-spacing and azimuthal width in the skin of the fibers compared 
to the core. At higher carbonisation temperatures, apart from carbon atoms all 
other heteroatoms will be removed from the fiber structure. The temperature 
difference in the skin and core could lead to a heterogeneous diffusion kinetics of 
nitrogen and further lead to the evolution of different structures across the cross-
section of carbon fibers [104]. Similarly, crystal structure orientation 
heterogeneity was observed on carbon fiber monofilaments by Kobayashi et al. 
[106] using micro XRD as shown in Figure 2-11 
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Figure 2-11. Orientation and crystallite size variation across the later direction of the 
carbon fiber monofilaments CF445 and CF252 (eg: CF445 represents fibers having a bulk 
modulus of 445 GPa) [106]  
 
There is very limited literature available on the microstructure examination of the 
stabilized PAN fibers using TEM. Ge et al. [107] observed stacked layer-like 
structures in the skin region of the stabilized fibers whereas an amorphous texture 
was observed in the core of the fibers as shown in Figure 2-12a, b. This indicates 
that the compactness and the perfection in the structure decreases from the skin 
to core, which was explained by a heterogeneous oxygen content across the fiber 
[107] as also observed by Lv et al. [74]. Interestingly, by comparing TEM images of 
the precursor in Figure 2-9 [60] and stabilized fiber in Figure 2-12 [107], it appears 
that the layered structure already exists in the skin of the precursor fibers. 
Consequently, the theory of oxygen being the reason for the development of 
ordered structure in the skin of the stabilized fibers is uncertain.  
26 
  
                
Figure 2-12. TEM imaging on stabilized fibers a) skin and core regions b) magnified 
image of the skin region [107] 
In the literature, the characterization techniques such as micro-XRD and Raman 
spectroscopy, which can provide the details on the structural differences in skin 
and core, were extensively used for studying the microstructure of fibers during 
the stages of carbonization and post-carbonization. It is well known that the 
structure of carbon fibers is inherited from stabilized fibers [36, 108], hence it is 
necessary for the researchers to apply these advanced techniques to study micro 
structural variations in precursor fibers during the early stages of stabilization to 
better understand the origin and development of radial heterogeneity.  
2.3.2 Radial mechanical properties 
 
      Recently, the variation in radial storage modulus of stabilized and carbonized 
fibers was examined using nano dynamic mechanical analysis (NanoDMA) [36]. 
According to the results, a decrease in modulus of the fibers from skin to core was 
observed after thermal stabilization at 265 °C, as shown in Figure 2-13a, which 
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was shown to be further transferred to the carbon fibers in Figure 2-13b. The 
higher modulus in the skin is associated with formation of a compact structure 
because of the intramolecular cyclization and intermolecular cross-linking 
stimulated by oxidation. However, the difference between the modulus of skin 
and core decreased spatially in carbon fibers but increased with progress in 
thermal treatment [36].  
 
Figure 2-13. NanoDMA on fiber cross-sections a) stabilized fibers b) carbon fibers with 
respect to treatment temperature [36] 
 
2.3.3 Fracture morphology 
 
      The influence of radial heterogeneity on the fracture morphology of the 
stabilized fibers has been examined in the literature [54, 56, 67, 68, 109, 110]. A 
careful examination of the fractured surfaces can provide evidence on the 
variation in the physical properties of the fibers [111]. As an example, the 
fractured surface of a stabilized PAN fiber with skin-core difference is shown in 
Figure 2-14, where the initiation of the crack took place from the core of the fibers 
and the cracks are organized radially outwards [68]. The fractured surface of fibers 
with skin-core behaviour indicated that brittle fracture took place in the skin 
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whereas ductile fracture occurred in the core [54]. Ko et al. [56] observed a basal 
plane-like fracture morphology in the skin whereas a fracture in the radial 
direction was observed in the core region of the air stabilized fibers. Similar 
observations were made by Li et al. [110], where the origin of the fracture took 
place from the core and disseminated to the skin of the fibers. In another study, 
the growth of the radial fracture in the core of the fibers was observed with 
increase in overfeed during the thermal stabilization process. The overfeeding 
(fibers processed in a slack condition) promotes shrinkage in the fibers and further 
assists in the formation of disoriented cyclized structures in the core which could 
restrict the diffusion of oxygen to the core [68]. In contrast, Wang et al. [109] 
observed no obvious difference in fracture morphology of skin and core of fibers 
treated under slack conditions, but in the fibers processed under 4 % and 6 % 
stretching. This inconsistency in the outcomes might be associated with the 
processing conditions and the procedures followed for stabilizing the fibers. 
Moreover the location of crack initiation also depends on the defects/ 
irregularities on the fiber surface, hence it might not be always initiated from the 
core of the fibers.  
 
Figure 2-14. Fracture morphology of stabilized PAN fiber where the initiation of the 
crack took place from the core of the fibers and the cracks are arranged radially 
outwards [68] 
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2.4 Solutions for avoiding the radial heterogeneity 
 
      A number of researchers have made attempts to avoid skin-core formation by 
stabilizing PAN fibers in an alternative environment to air or changing 
environmental conditions. However, stabilization in an air environment is 
necessary for two reasons: 1. In order to withstand high temperatures in the 
subsequent carbonization process it is essential to form the conjugated and 
aromatic structures in the stabilized fibers. This is highly possible in the presence 
of oxygen because it promotes dehydrogenation and further helps in aromatizing 
the cyclized structures [16, 64, 112-114]. 2. The presence of hydroxyl groups in 
the polymer structure developed during stabilization facilitates cross-linking 
during the initial stages of the carbonization by elimination of H2O [16, 112, 113]. 
Recently Wang et al. [59] reported that the formation of skin-core can be avoided 
by maintaining an optimum oxygen content in the treatment atmosphere. 
According to this study, a low oxygen content (i.e., 5 to 10 % in the treatment 
atmosphere) causes a lack of diffusion of oxygen into the core of the fibers and 
leads to the formation of skin-core. They found that at least 15 to 21 % of oxygen 
content needed to be maintained in the treatment atmosphere to achieve 
complete stabilization across the cross-section of the fibers. However, it would 
have been very helpful if this study was extended to examine the radial 
microstructure and property variations in relationship to the oxygen content. 
Studies have suggested that the homogeneity in the structure of fibers in the 
radial direction can be improved by using smaller diameter precursor fibers 
resulting in a lower oxygen concentration gradient with greater diffusion of 
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oxygen from skin to core of the fibers [115-117]. Kong et al. [115] proposed that 
in smaller diameter fibers diffusion of oxygen is greater and it assists the 
cyclization reaction and further eases the initiation of sequent reactions uniformly 
throughout the cross-section. Moreover, they proposed that better heat and mass 
transfer conditions support the formation of more uniform structure during the 
stabilization process and help in attaining a higher degree of graphitization in the 
resultant carbon fibers [115]. In support of this theory, Morris et al. [118] recently 
performed structural analysis on carbon fibers prepared from very high molecular 
weight precursor fibers with a diameter as small as ~5 m. Very slight structural 
differences were observed in the skin and core of the resultant carbon fibers 
compared to T700 commercial carbon fibers. This would have been possible 
because of favourable conditions for mass and heat transfer during the production 
of carbon fibers with the smaller diameters (~ 2.2 – 2.8 m) [118]. Apart from 
reducing the precursor fiber diameter, a few authors [119, 120] mentioned that 
the skin-to-core ratio can be increased by pre-treating the precursor with KMnO4 
before the thermal stabilization process. During thermal treatment KMnO4 helps 
in pre-oxidizing the core by providing additional oxygen by means of its 
decomposition and also provides MnO-4 ions which act as a catalysts for the 
promotion of cyclization reactions. The combination of these two reactions assists 
in reducing the skin-core differences in the fiber cross-sections. However, details 
on this mechanism are not well presented and further information on the radial 
structure variation was not provided. 
 It was recently identified that the carbon fibers made from gel spun PAN fibers 
exhibited uniform structure in the cross-section when compared to T300 
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commercial carbon fibers, which shows that the use of gel spun precursor fibers 
can be an alternative solution for the manufacture of carbon fibers without skin-
core structural differences [121]. However, to our knowledge elaborated studies 
towards skin-core formation in the stabilization of these precursors are not 
available.  
2.5 Summary 
 
      The formation of a skin-core morphology in stabilized PAN fibers has been 
reported over the past 40 years. Structural heterogeneity is considered to be one 
of the major concerns that affects the tensile properties of the resultant carbon 
fibers. However, the majority of the works available in the literature are focused 
on the structure of carbon fibers rather than on conducting a systematic study to 
understand the impact of radial structural changes in the fibers from the initial 
stages of carbon fiber production on the resultant carbon fiber properties. 
Considering the concepts available in the literature to define the formation of the 
skin-core effect in fibers, we can separate the concept of the development of 
structural heterogeneity in precursor from the other two concepts raised from the 
stabilization stage, because most of the work presented was related to 
optimisation of the spinning process of precursor fibers at lab scale. In addition, 
the presented skin-core morphology difference is not existing in the commercially 
available precursor and fibers prepared under appropriate processing conditions. 
This huge gap between the lab scale wet spun fibers and the commercial PAN 
fibers is attributed to the confidence nature of the manufacturing process. Further 
focussing on the fundamentals of skin-core formation in the stabilized fibers, in 
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the past authors attempted to elucidate this effect. However, no clear conclusions 
can be drawn from the existing literature. One of the main reasons is the 
divergence in existing theories on the skin-core formation, such as the 
heterogeneous distribution of oxygen in the cross-section versus the occurrence 
of a higher extent of the cyclization reaction in the core of the fibers. Moreover 
various factors that influence the radial structure in stabilized fibers were not 
assessed. Hence a fundamental understanding of the evolution of the skin-core 
effect in terms of structure and property variations across the fiber cross-section 
during thermal stabilization is required. Also, the studies that were presented 
include different types of precursor fibers, process conditions and equipment for 
the manufacturing process, which makes it difficult to draw an overall conclusion. 
Interestingly, in some TEM studies conducted on precursor and stabilized fibers, 
authors showed similar kind of structural variations in the precursor as well as 
stabilized fibers. The structural heterogeneity in the precursor is attributed to the 
spinning process and the structural heterogeneity in the stabilized fibers is 
associated with the heterogeneous distribution of oxygen content across the 
fibers. This highlights the uncertainties in the proposals made in the past to define 
the evolution of radial heterogeneity in the stabilized fibers. Regarding its effect 
on the radial properties, only one study focussed on the measurement of modulus 
variation across the fibers. However, no evidence with respect to the radial 
structure and property correlations were provided. Also, researchers have made 
an attempt to provide alternative solutions, such as reducing the diameter of the 
precursor fibers or pre-treating the precursor fibers chemically. However they lack 
in providing substantial evidence regarding the structural variations across the 
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stabilized fibers and their impact on the bulk properties of the resultant carbon 
fibers. One of the reasons for the lack of progress in this field might be the non-
availability of a wide range of advanced techniques or the lack of application of 
advanced techniques that assist in investigating the structure at such high 
resolutions. Hence, the reasons for the formation of this radial heterogeneity 
during the thermal stabilization process are still uncertain. 
This review suggests that a systematic understanding of the variations in the radial 
structure of fibers in the initial stages of the carbon fiber manufacturing process 
in correlation with process conditions, such as temperature, time, tension and 
treatment atmosphere, would provide pathways to attain a better understanding 
of the formation of the skin-core effect/ radial heterogeneity in the stabilized 
fibers. This will in turn provide opportunities for the development of carbon fibers 
with improved mechanical performance.
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progress of reactions and evolution of radial heterogeneity in the initial stage of thermal 
stabilization of PAN precursor fibers, Polymer Degradation and Stability 125 (2016) 105-
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CHAPTER THREE
 
3. Investigation of Progress of Reactions and Evolution of 
Radial Heterogeneity in the Initial Stage of Thermal 
Stabilization of PAN Precursor Fibers 
 
Abstract 
The relationship between process parameters and structural transformations in 
the fibers at each stage of the carbon fiber manufacturing process play a crucial 
role in developing high performance carbon fibers. Here we report a systematic 
method is reported which uses the combination of a Taguchi approach and 
scientific evaluation techniques to establish these relationships for the initial stage 
of thermal stabilization. Density, cyclization index and fraction of reacted nitriles 
of a precursor containing acrylonitrile, methacrylate and itaconic acid (AN/MA/IA) 
were used to assess the progress of stabilization in the fibers with respect to 
various combinations of process parameters. The extent of progress of 
stabilization improved with increase in temperature (from 225 to 235 °C) and time 
(from 12 to 24 min) whereas an opposite trend was observed with increase in the 
tension on the fibers from (1600 to 2550 cN). According to optical microscopy, 
radial heterogeneity was observed in the fibers treated at 235 °C. Interestingly, we 
were able to identify the existence of heterogeneous modulus distribution from 
skin to core of the precursor fibers which was further transferred to treated fibers.
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The overall radial modulus of treated fibers was higher than the precursor fibers. 
In contrast to the literature, the fracture morphology of the fiber samples 
indicated that initiation of crack is caused by surface defects rather than radial 
heterogeneity.  
3.1 Introduction 
 
      Typically, the stabilization process used by carbon fiber manufacturers is a 
multi-step process in which the thermal stabilization of the precursor is carried 
out through a number of ovens maintained at different process conditions [100]. 
Step-wise stabilization provides flexibility in choosing various process parameters 
at each stage and provides shorter manufacturing time over isothermal treatment 
[100]. Several process parameters can influence the progress of stabilization. 
Amongst these process parameters temperature, dwell time and tension are 
reported to be the most critical [45, 109]. Min Jing et al. [70] mentioned that the 
oxygen content and aromatization index of stabilized fibers can be controlled with 
a change in temperature in the last zone of the stabilization stage. Tse Hao Ko 
[122] observed that performing stabilization of fibers beyond the fusion 
temperature of respective precursor fibers could damage the ladder polymer 
structure and affect the properties of the resultant carbon fibers. Jie Liu et al. [123]  
reported that the extent of cyclization in stabilized fibers has a stronger 
dependency on the orientation of the molecular chains of the precursor. The 
orientation of the molecular chains no longer improved beyond a stretch ratio of 
1.07 at 180°C. Mei Jie et al. [54] observed that the rate of oxygen uptake is higher 
at higher temperatures in the initial stages. Nonetheless, with progress in 
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treatment time the rate of oxygen uptake almost reaches zero at a particular 
temperature. 
The appropriate application of process parameters during stabilization of PAN 
leads to carbon fibers with enhanced tensile properties [31, 124]. However, only 
a few studies have been dedicated to understanding the effect of process 
parameters on stabilization of precursor in a step-wise stabilization process [70, 
97, 98] and to the best of our knowledge the influence of combination of process 
parameters on the progress of stabilization of precursor is not yet well-
understood. This is possibly due to the commercial in-confidence nature of the 
carbon fiber manufacturing process and lack of access to the relevant industrial 
equipment which is capable of varying residence time, temperature and tension. 
A skin-core effect across the cross-section of the fibers is observed during the 
stabilization process. This has been reported to occur due to the lack of thermal 
transmission and oxygen diffusion into the core regions of the fibers [36]. As the 
carbon fiber structure is inherited from stabilized fibers, the radial heterogeneity 
in the stabilized fibers can transform to structural defects in the final carbon fibers 
[36, 74]. So far, the radial heterogeneity in stabilized fibers has been investigated 
using techniques such as TEM, Energy Dispersive X-ray (EDX) and NanoDMA [36, 
74, 107]. However, the relationship between the process parameters and the 
appearance of radial heterogeneity during the stabilization process does not seem 
to have been determined.  
The current study is aiming to develop a systematic relationship between process 
parameters, progress of reactions and formation of skin-core effect in the fibers, 
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thereby defining a set of process parameters in the initial stage of thermal 
stabilization. Nine combinations of process parameters (time, tension and 
temperature) for the initial stage of stabilization were defined using a Taguchi 
approach. The fibers were processed under nine different combinations of 
process parameters using a carbon fiber manufacturing line at the Carbon Nexus 
facility; the fibers were characterized using pycnometer, Differential Scanning 
Calorimetry (DSC), Fourier Transform Infrared (FTIR) Spectroscopy, optical 
microscopy, nano-indentation and  SEM. The variation in the density of the fibers 
was complemented by the variation in thermal behaviour and fraction of reacted 
nitriles. The evolution of radial heterogeneity in the fibers was examined. Based 
on the relationship between process parameters and the progress of stabilization 
in the fibers a possible combination of process parameters was proposed for the 
initial stage of the stabilization process. Finally, the impact of radial heterogeneity 
on the radial modulus and fracture behaviour of the fibers was assessed by 
performing modulus mapping.  
3.2 Experimental 
 
  3.2.1 Precursor 
 
      The precursor utilized for this study was obtained from Bluestar Co. Ltd., China. 
The precursor composition is 93% Acrylonitrile, 6% Methyl acrylate and 1% 
Itaconic acid in terms of weight [88]. The average properties of the precursor are 
shown in Table 3-1. Three tows with each tow consists of 24000 filaments were 
processed under the same experimental conditions. 
38 
  
Table 3-1. Properties of precursor fibers 
Sample Linear 
Density 
(dTex) 
Diameter 
 
(m) 
Breaking 
Force 
(cN) 
Tensile 
Strength 
(GPa) 
Tensile 
Modulus 
(GPa) 
Elongation 
 
% 
Density 
 
(g/cc) 
 
Precursor 
(AN/MA/IA) 
 
1.63  
0.27 
 
13.2  
1.0 
 
7.17  
0.89 
0.52  
0.04 
10.37  
0.96 
17.00  
1.18 
 
1.18  
0.005 
 
  3.2.2 Experimental set up 
 
      This experimental work was conducted at Carbon Nexus, Deakin University 
(Australia). This facility is equipped with an industrial pilot line manufactured with 
the latest technology, supplied by Despatch Industries (Minneapolis, USA) in 
collaboration with Furnace Engineering Pty Ltd (Australia) and has the capacity to 
manufacture 55 to 110 tonnes of carbon fiber per annum. The potential to apply 
numerous configurations and flexibility in operation made this pilot line unique to 
manufacture the carbon fibers. The schematic of the stabilization stage is shown 
in Figure 3-1.  
   
 
Figure 3-1. a) Stabilization stage of the carbon fiber manufacturing process. b) Enlarged 
view of Zone-1 in stabilization stage. 
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3.2.3 Burnout test and design of experiments 
 
     The burnout test was conducted to identify the maximum temperature the 
precursor can sustain in the initial zone (Zone-1) of the stabilization process. This 
test was performed with 24 min dwell time at a tension of 1800 cN. The dwell time 
is the residence time of the fibers treated in the oven which is dependent on the 
drive speed. In the current study, the dwell time was calculated based on the 
speed of the input drive and the effective heated length. The effective heated 
length is 8 m per one pass and the number of passes is 6 which is shown in Figure 
3-1(b). Tension is the amount of pull experienced by the fibers during thermal 
stabilization. Tension measurement was taken using Tension Meter (DTBX-2000-
30 Schmidt control instruments, with a resolution of 1cN and an accuracy of 3%). 
The precursor fibers were first introduced to the oven which was maintained at 
200 °C. While the fiber tows were passing through the oven, the temperature was 
raised in steps of 10 °C up to 240 °C and 3 °C above 240 °C.  After every 24 min the 
fiber tows were inspected for melting and fusing at the respective temperatures. 
Fibers started burning at 243 °C due to aggressive exothermic reactions. It was 
concluded that 240 °C is the maximum temperature that can be employed in the 
initial zone of the stabilization process for the precursor fibers used in this study.  
Table 3-2. Zone-1 process parameters and their levels 
Process 
Parameter 
Level-1 Level-2 Level-3 
Temperature (°C) 225 230 235 
Dwell time (mins) 12 18 24 
Tension (cN) 1600±100 2250±100 2550±100 
40 
  
 
The effect of processing parameters in the first zone of stabilization (Zone-1) was 
investigated using the Taguchi approach where three levels were considered for 
each process parameter as shown in Table 3-2. The upper limits of the temperature 
and dwell time were selected as 235 °C and 24 mins based on the burnout test 
and by considering a safety margin of 5 °C. A minimum tension was selected to 
make sure that the fibers did not contact the air supply nozzles in the stabilization 
oven.  
The Taguchi method is one of the most powerful tools to outline the design of 
experiments and determine the effect of various parameters on a desired 
property with minimal experiments [125]. Many studies have employed this 
approach to optimize the performance of a complex process by systematically 
varying different parameters [126-129]. This method uses the concept of an 
orthogonal array for designing the experiments, where the contribution of each 
process parameter can be perceived by conducting a limited number of 
experiments [125]. Based on the number of levels and the number of process 
parameters as shown in Table 3-2, an L9 orthogonal array was chosen. The L9 
orthogonal array and the corresponding experiments are shown in Table 3-3.  
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Table 3-3. L9 Orthogonal array and corresponding process parameter values for each 
experiment (derived from process parameter levels in Table 3-2) 
 L9 Orthogonal array 
   Temp   Time    Tension  
 Experiment Temperature 
(oC) 
Time 
(mins) 
Tension 
(cN) 
Le
ve
ls
 o
f 
p
ro
ce
ss
 p
ar
am
et
e
rs
 
1 1       1  1 225 12 1600±100 
1 2       2  2 225 18 2250±100 
1 3       3  3 225 24 2550±100 
2 1       2  4 230 12 2250±100 
2 2       3  5 230 18 2550±100 
2 3       1  6 230 24 1600±100 
3 1       3  7 235 12 2550±100 
3 2       1  8 235 18 1600±100 
3 3       2  9 235 24 2250±100 
 
Precursor fibers were introduced into the initial oven (Zone-1) which was 
maintained at the experimental conditions mentioned in Table 3-3. The tension in 
the fibers was applied by varying the speeds of the input and output drives. 
Tension measurements were taken at the input drive (measured position is 
indicated as ‘F’ in Figure 3-1(b)). The speeds of the input and output drives for 
each experimental condition listed in Table 3-3 are indicated in Table 3-4. In order 
to maintain the required tension the speed of the output drive was adjusted.  
Table 3-4. The drive speeds corresponding to each experiment to maintain required 
tension 
Experiment 1 2 3 4 5 6 7 8 9 
Input drive 
speed (m/hr) 240 160 120 240 160 120 240 160 120 
Output drive 
speed (m/hr) 246 173 133 
 
262 
 
177 
 
121 
 
266 
 
162 
 
130 
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3.3 Characterization 
 
 3.3.1 Density 
 
      The density of the samples was obtained using an Ultrapyc 1200e pycnometer 
(Quantachrome instruments). Helium was used as displacing fluid for high 
accuracy and a constant temperature of 23 °C was used throughout the 
measurements. The samples weighed 40.5 g were considered. The Pycnometer 
was loaded with one sample at a time for performing density measurement.  In 
order to obtain the density of the fiber sample from each experiment, the 
pycnometer was set to a condition to perform a series of iterations on each 
sample until the standard deviation between the values of iterations was below 
0.005. The densities that were reported are the average density values 
corresponding to each experiment which satisfy the above condition. 
3.3.2 Differential scanning calorimetry (DSC)   
 
     Thermal analysis of the fiber samples was conducted using a Differential 
Scanning Calorimetry (TA instruments). Approximately 5 mg of each sample was 
heated from 30 to 450 °C at a heating rate of 10 °C/min under air atmosphere. The 
cyclization index is calculated from the area under the first exothermic peak 
(related to formation of cyclic structure [27]) of the samples using Equation 3.1 
[96].  
                                   𝐶𝑦𝑐𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝐼𝑛𝑑𝑒𝑥 (%) =  
𝐻𝑃−𝐻𝑇
𝐻𝑃
× 100                                    (3.1) 
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Where HP (J/g) is the area under the exothermic peak of precursor and HT (J/g) is 
the area under exothermic peak of partially stabilized fiber.  
3.3.3 Infrared spectroscopy  
 
     FTIR-Spectroscopy was conducted using a Bruker FTIR instrument with 
Attenuated Total Reflectance (ATR) mode. Samples were placed on a germanium 
(Ge) crystal of the ATR and uniform pressure was applied to ensure sufficient 
contact between crystal and sample. Absorbance spectra were obtained with a 
resolution of 4 cm-1 and 32 scans for each sample.  All readings were taken 
between 600 and 4000 cm-1 wavenumbers. The fraction of the reacted nitriles was 
calculated from Equation 3.2 [130]. The level of dehydrogenation was calculated 
using Equation 3.3 [131].  
                                                      𝑅𝑒𝑎𝑐𝑡𝑒𝑑 𝑛𝑖𝑡𝑟𝑖𝑙𝑒𝑠 (%) =  
𝑥∗𝐴𝑏𝑠(1595)∗100
(𝐴𝑏𝑠(2243)+𝑥∗𝐴𝑏𝑠(1595))
                                (3.2)                                                          
                                                        𝐷𝑒ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑑𝑒𝑥 =
𝐴𝑏𝑠(1360)
𝐴𝑏𝑠(1454)
                                               (3.3) 
where x is the ratio of the absorptivity constants of C≡N and C=N groups which 
was reported as 0.29 [130]. Abs(1595) and Abs(2243) indicates the heights of the 
peaks of the absorbance spectra corresponding to the C=N and CN functional 
groups [130]. Abs(1360) and Abs(1454) indicates the heights of the peaks of the 
absorbance spectra corresponding to the CH and CH2 functional groups [131]. 
3.3.4 Optical microscopy 
 
     The cross-section of the fibers was examined using an Olympus DP70 Optical 
Microscope at 100x magnification. The fiber samples were embedded in epoxy 
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and polished perpendicular to the fiber axis. Initially, the samples were fine 
ground with 1200 grit SiC paper. Ground samples were mechanically polished 
using 9 µm and 3 µm polishing pads at speed of 300 rpm for 4 and 6 mins. Finally, 
samples were finely polished using 1 µm polishing pads at 300 rpm for 10 mins 
using a Struers rotopol automatic polishing machine.  
3.3.5 Scanning electron microscopy (SEM) 
 
     Fracture morphology of the fibers was studied using a Supra Zeiss SEM. For the 
fracture analysis, fiber bundles were first mounted in a tensile specimen made 
from epoxy resin, and tensile loaded until fracture occurred. The samples were 
positioned on a carbon tape and placed in vacuum for 24 hrs before gold coating. 
The operating voltage used was 5 kV to avoid charging of the fibers. 
3.3.6 Nano-indentation 
 
     Nano-indentation was performed on the precursor fibers and partially 
stabilized fibers in order to investigate the modulus distribution across the fiber. 
Samples were prepared by mounting fiber bundles in epoxy resin. The mounted 
samples were fine ground with 1200 grit SiC paper, mechanically polished using 9 
µm (for 4min), 3 µm (for 6 min) and 1 µm (for 10 min) polishing pads at a speed of 
300 rpm using Struers rotopol automatic polishing machine. Nano-indentation 
was performed using a Hysitron TI 950 TriboIndenter and a Birkovich probe with 
a radius of curvature at the tip of approximately 150 nm. A number of indents 
were taken across the centre of the fiber with a step size of 2 μm. A load controlled 
test method was used for performing nano-indentation with a preload of 2 μN and 
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a maximum load of 300 μN. The loading and unloading rates were 60 N/sec. 
Duration of hold segment at peak load was 2 secs. The reduced modulus of the 
fiber was obtained using a power law fit on the unloading part of the load vs 
displacement curve (an example shown in Figure 3-2) with an upper and lower 
limit for fit was 95% and 20% respectively.  
 
Figure 3-2. An example of the load vs displacement curve where the slope of the 
unloading curve (purple line) is used for the analysis. 
 
3.4 Results and Discussion 
 
3.4.1 Density       
 
      In this study, the fiber density is considered to be an estimate of the progress 
of thermal stabilization of the fibers. The density of the treated fibers is higher 
than the density of precursor fibers (1.18 g/cm3) (as shown in Table 3-5). The 
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influence of the individual process parameters on the density of the fibers 
extracted after Zone-1 is illustrated in Figure 3-3(a). The method for plotting the 
data shown in Figure 3-3 was taken from Grove et al. [132]. The trends illustrated 
in Figure 3-3 are based on the average values of density, cyclization index, fraction 
of reacted nitriles and dehydrogenation index obtained at each level of the 
process parameters (further details of the calculations are provided in Appendix 
A). In this analysis the interactions between the process parameters were not 
investigated. 
Table 3-5. Density, cyclization index, fraction of reacted nitriles and dehydrogenation 
index of the fibers from Experiments 1 to 9 (See experimental details in Table 3-3) 
Experiment Density  
 
(g/cm3) 
Cyclization 
Index  
(%) 
Fraction of 
reacted nitriles 
(%) 
Dehydrogenation 
Index 
1 1.250 21.07 18.2 0.749 
2 1.257 27.54 23.8 0.850 
3 1.267 29.33 26.9 0.923 
4 1.253 21.17 21.9 0.824 
5 1.270 29.00 26.2 0.906 
6 1.289 41.61 34.4 1.122 
7 1.264 25.78 25.4 0.920 
8 1.30 42.15 34.3 1.156 
9 1.309 46.70 37.4 1.247 
 
The density of the fibers increased with increase in stabilization time and 
temperature whereas the density decreased with increase in tension. This 
indicates that a higher tension acts as a barrier for the transformation of fiber 
structure during the stabilization process. Moreover, slopes of the trends shown 
in Figure 3-3(a) indicate that temperature and time make a major contribution 
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towards the variation in density compared to tension. The increase in fiber density 
is attributed to the formation of a ladder polymer structure during the 
stabilization process [75]. Ideally, the density of the stabilized fibers should be 
between 1.34 to 1.39 g/cm3 to attain carbon fibers with enhanced tensile 
properties [35, 41, 75]. As shown in Table 3-5, the fiber from Experiment 9 provide 
the highest density of 1.309 g/cm3. This shows that the treating of fibers at a 
temperature of 235 °C for 24 mins may not be sufficient to transform the structure 
to attain the required density value. In addition to that, a temperature higher than 
235 °C cannot be used in the initial zone (see Section 3.2.3 for details) and the use 
of dwell time more than 24 min slows down the manufacturing process. Hence 
the treated fibers from the initial zone should be further processed at 
temperatures higher than 235 °C in the subsequent zones of the stabilization 
stage. Based on the trends in Figure 3-3(a), the density of the fibers in the initial 
zone can be further maximized by maintaining temperature at level-3, i.e. 235 °C, 
dwell time at Level-3, i.e. 24 mins, and tension at Level-1, i.e. around 1600 cN. 
Before confirming this combination of process parameters, thermal analysis 
(Section 3.4.2) and extent of reactions (Section 3.4.3) were examined to 
complement the trends obtained for the density with respect to process 
parameters.  
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Figure 3-3. Influence of process parameters on a) density b) cyclization index c) % of 
reacted nitriles d) dehydrogenation index 
 
3.4.2 Thermal behaviour 
 
     The reactions involved in the stabilization process are exothermic in nature [41, 
75, 133]. The extent of stabilization is assessed by understanding the variation in 
thermal behaviour of the fibers, shown in Figure 3-4. The exothermic heat is lower 
for the fibers that possess higher density values. This is due to the reduction of 
unreacted nitrile groups with progress in the stabilization reactions [27, 41, 131]. 
The cyclization index was calculated using Equation 3.1. 
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Figure 3-4. Comparison of variation in heat flow and density of the samples (Precursor, 
samples from Experiment 3, 6 and 9) 
 
The variation in the cyclization index at each process parameter level is shown in 
Figure 3-3(b). A progress in cyclization reaction was observed with higher 
temperature and time, and at lower tension. Moreover, Figure 3-3(a) and (b) 
illustrate that the individual effect of the process parameters on the density and 
cyclization index is similar. Thermal analysis indicated that the application of lower 
tension at high temperatures improves the progress in stabilization. At high 
temperatures without application of tension, molecular chains will have the ability 
to vibrate and rotate to appropriate positions to initiate stabilization reactions 
[99]. Under high tensions the molecular chains of precursor fibers are assumed to 
be constrained towards the direction of the force and lose their rotational ability. 
It further hindered the progress of reactions. This is further explained in the 
Section 3.4.3. 
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3.4.3 Monitoring the extent of reactions using FTIR 
 
    The possible reaction schemes associated with stabilization are shown in Figure 
3-5. With progress in stabilization there is a variation in functional groups; CH2, 
CH, CN and C=O. Cyclization is associated with the formation of a cyclic structure 
by converting nitrile (CN) to imine (C=N). Dehydrogenation is associated with 
increase in the CH and decrease in the CH2 functional groups.  Oxidation is 
associated with the formation of C=O groups in the fiber structure. Moreover, 
oxidation helps eliminating hydrogen in the form of H2O [15, 41, 131].  
 
Figure 3-5. a) Cyclization of nitrile groups through ionic mechanism b) dehydrogenation 
reaction c) oxidation of cyclized and dehydrogenated structure [15, 64, 134] 
The absorbance spectra of samples and corresponding fraction of reacted nitriles 
are shown in Figure 3-6. The peaks at 1595 cm-1, 2243 cm-1 and 1454 cm-1 
correspond to (C=N, C=C and N-H), CN and CH2 bending, respectively [64]. Peaks 
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at wave numbers 1360 cm-1 and 1736 cm-1 are assigned to CH bending and C=O 
functional groups, respectively [64]. Figure 3-6 and Table 3-5 show that the 
intensity of the peaks at 1360 cm-1 and 1595 cm-1 is higher for the samples with 
higher density and percentage fraction of reacted nitriles. Furthermore, in the 
absorbance spectra (except for the precursor) a shoulder like peak has appeared 
at 1660 cm-1 corresponding to C=O functional group in the conjugated ketone 
which is associated with the oxidation reaction [64]. The transformation of the 
functional groups in the fibers during stabilization leads to the development of the 
dense structure in the fibers. 
 
Figure 3-6. Comparison of FTIR absorbance spectra of the samples (Precursor, samples 
from Experiment 3, 6 and 9) and their corresponding fraction of reacted nitriles shown 
in brackets. 
 
The relationship between process parameters and the fraction of reacted nitriles 
(related to the formation of cyclic structure) and dehydrogenation index (indicates 
the formation of C=C) based on the absorbance values of the respective functional 
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groups using Equations 3.2 and 3.3 was established (Figure 3-3(c) and (d)). It can 
be observed from Figure 3-3(c) that the fraction of reacted nitriles increased with 
temperature and time whereas the opposite trend has been observed with 
respect to tension. Yielding of the molecular chains in the fibers might have 
occurred with the application of higher tensions. Consequently, the molecular 
chains might be forced to align in the direction of the applied tension making it 
difficult for the nitrile groups to participate in the intra molecular cyclization [123, 
135].  A similar trend was observed for dehydrogenation index as shown Figure 
3-3(d). The possible explanation is that the dehydrogenation reaction might have 
taken place on the initial cyclic structures [136], hence dehydrogenation index 
followed a similar trend as the fraction of reacted nitriles. Comparing the trends 
shown in Figure 3-3 (a, c, d) it can be identified that the proposed optimal 
combination of parameters for the initial zone of the stabilization process (see 
Section 3.4.1) is successfully complemented by the trends of fraction of reacted 
nitriles and dehydrogenation index. Before finalizing the optimal parameter 
combination for the Zone-1, optical microscopy studies were performed (Section 
3.4.4) to examine the formation of radial heterogeneity in the fibers.  
3.4.4 Radial heterogeneity and morphology studies 
 
      Cross-section morphologies of the polished fiber samples from each 
experiment were examined using optical microscopy (Figure 3-7). Irrespective of 
the tension and time applied, radial heterogeneity is observed in the fibers 
exposed to 235 °C (see Figure 3-7 (g, h, i)). Figure 3-7 (g, h, i) illustrates that an 
interface is developed between the skin and core region of the fibers with the 
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progress of stabilization at 235 °C. To explain this radial heterogeneity there are 
two theories that appear in the literature; 1) Heterogeneous distribution of 
oxygen in the cross-section of the fibers; and 2) Lack of heat dissipation from the 
core of the fibers during stabilization. First theory in brief; the outer surface of the 
fibers is exposed to temperatures earlier than the core region. High temperatures 
with increased dwell times increase the degree of aromatization on the surface of 
the fibers and this highly aromatic structure presents a barrier for the oxygen to 
further diffuse into the core regions. This heterogeneous distribution of oxygen 
could lead to the formation of this radial heterogeneity and leave the core of the 
fibers softer than the skin [36, 54]. The second theory put forward in the literature 
is that the radial heterogeneity evolves because of an imbalance between the 
amount of heat generated and the amount of heat dissipated in the core region 
of the fibers. This accumulation of heat in the core region helps it to undergo more 
rapid stabilization reactions at the core region than at the surface of the fibers 
leading to radial heterogeneity [57, 58]. From Figure 3-7 no radial heterogeneity 
is observed in the fibers treated at temperatures below 235 °C. Considering the 
theories mentioned above, the diffusion of oxygen as well as extent of reactions 
during thermal stabilization might be largely dependent on the treatment 
temperature. Therefore, temperatures higher than 235 °C are not recommended 
in the initial zone of the stabilization process. Hence, the best possible 
combination that can be recommended in the initial zone is temperature 230 °C, 
dwell time 24 min and tension around 1600 cN (experiment 6, Figure 3-7 (f)).   
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Figure 3-7. Optical microscopy images of the samples a) 225-12-1600 b) 225-18-2250 c) 
225-24-2550 d) 230-12-2250 e) 230-18-2550 f) 230-24-1600 g) 235-12-2550 h) 235-18-
1600 i) 235-24-2250. Note: 225-12-1600 represents temperature-time-tension of 
respective experiment. Red circles highlight the radial heterogeneity. 
 
We further focussed on aspects of modulus distribution across the fiber cross- 
section and the variation in the fracture behaviour of the fibers by performing a 
comparative study between precursor fiber and fiber with radial heterogeneity. 
Nano-indentation was performed on the fiber samples to understand the modulus 
distribution across the cross-section. Comparison between precursor fiber and 
fiber from Experiment 9 which exhibits radial heterogeneity is shown in Figure 
3-8(a). As an example the measurement positions for Experiment 9 and images 
before and after nano-indentation of the fiber are shown in Figure 3-8(c) and (d) 
respectively. In Figure 3-8(d) the indents are visible clearly because of plastic 
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deformation of the fibers. The modulus value at Position 3 is corresponding to a 
combination of the epoxy resin and fiber edge, epoxy. Interestingly, a non-uniform 
modulus already exists in the precursor as a result of the spinning process which 
is not mentioned elsewhere. The core of the precursor fiber has a higher modulus 
than the skin. This may be due to the dense packing of nano fibrils in the core 
region than in the skin region of the precursor, which was found to be further 
advanced to the fibers from Experiment 9. The reduced modulus of the fiber from 
Experiment 9 is higher than the reduced modulus of the precursor, which is 
attributed to the increase in the density of the fibers during the stabilization 
process. 
With the assumption of density difference in terms of nano fibrils across the cross- 
section of the fibers there is a possibility of the presence of a higher concentration 
of nitrile groups in the core region compared to skin region of the precursor fibers. 
This may further lead to a higher rate of conversion of nitriles along with greater 
heat generation in the core region compared to skin region of fibers during 
stabilization. The concept of higher heat generation in the core is aligned with the 
second theory mentioned earlier in this section. However, the first theory about 
the heterogeneous distribution of oxygen across the cross-section cannot be 
ignored because there is a possibility of greater diffusion of oxygen in the skin 
region compared to the core region due to density difference. Hence there is an 
opportunity for both the theories mentioned in the literature to be correct. 
Characterization of the fibers treated in air and vacuum and their chemical state 
analysis needs to be performed on the fiber cross-sections to provide a detailed 
radial heterogeneity evolution model and evaluate this hypothesis.  
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Figure 3-8. Nano-indentation across the cross-section of the fibers. a) Variation in the 
reduced modulus of the fibers across the cross-section of precursor and sample from 
Experiment 9. b) Measured positions across the fiber cross-section c) Fiber cross-section 
before nano-indentation of the sample from Experiment 9 d) Fiber cross-section after 
nano-indentation of the sample from Experiment 9. 
 
Fractured surfaces and the corresponding density, and cyclization index of the 
fiber samples are shown in Figure 3-9. A granular fracture surface was observed 
in the fibers shown in Figure 3-9(a, b, c). Granular fracture occurs due to the failure 
of individual fibrils at the nearest weaker regions with the transfer of load from 
one fibril to the other in a fiber system [137]. The crack was initiated from the 
surface of the fibers which is indicated by yellow arrows in Figure 3-9. 
Interestingly, the fibers with lower density and cyclization index showed moderate 
cross-section surface roughness whereas in the fibers which possess higher 
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density and cyclization index, fragments of material are removed from the fiber 
cross-section. This phenomenon might have occurred because of simultaneous 
agglomeration of the fibrils and the loss of cohesion between the bundles of fibrils 
with progress in stabilization. Unlike proposals in the literature [54], there was no 
obvious initiation of the crack from the core region observed in the fibers with 
radial heterogeneity (shown in Figure 3-9(c, d, e)). This indicates that the fracture 
of the fibers is instigated by the surface defects. 
 
Figure 3-9. Fracture morphology of the fiber samples and their cyclization index, 
presence of skin-core and density (shown in below table) a) Precursor b) 225-12-1600 c) 
235-12-2550 d) 235-18-1600 e) 235-24-2250 
 
3.5 Conclusion 
 
     In the current work, a relationship between process parameters and progress 
of stabilization and the evolution of radial heterogeneity in the fibers in the initial 
stage of the stabilization process has been successfully established. A combination 
of high temperature and time with lower tension can assist in improving the 
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extent of stabilization in the fibers, however there is a risk of incorporating radial 
heterogeneity in the structure of the fibers. This confirms the importance of 
balance between process parameters during the stabilization process. Regardless 
of the existence of radial heterogeneity, all fiber samples fractured from the 
surface. With the progress in stabilization, a combination of agglomeration of 
fibrils and loss of cohesion between fibril bundles were observed in the fibers. This 
led to a transformation of fractured texture from granular to coarse. The presence 
of heterogeneous distribution of modulus across the precursor as well as treated 
fiber cross-sections was recognized. Importantly, this work opens up a new 
avenue of research on the reasons behind the development of radial 
heterogeneity.
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CHAPTER FOUR
 
4. Influence of Oxygen on the Radial Structure and 
Property of PAN Precursor Fibers in the Thermal 
Stabilization Process 
 
Abstract 
Here we report on the role of oxygen in the evolution of radial heterogeneity in 
the fibre structure and properties of PAN fibres stabilized in air and vacuum at 
different temperatures. Modulus mapping by Nano-indentation showed 
heterogeneous modulus distribution in the fibres treated in air, while no variation 
in modulus was observed in fibres processed in vacuum. Raman spectroscopy and 
elemental analysis revealed that the temperature dependent oxygen diffusion 
from skin to core of the fibres assisted in the evolution of a higher extent of sp2- 
hybridized carbons in the skin compared to core of the air treated samples. 
Conversely, no radial structure variations were observed in the vacuum treated 
fibres. Higher modulus in the skin of air-treated fibres was due to the formation 
of compact structures which was associated with the enhanced intermolecular 
interactions facilitated by the formation of C=C bonds within the polymer 
backbone, promoted by oxidative-dehydrogenation reaction. Supporting these 
observations, the fracture morphology examined by SEM showed a brittle fracture 
in the skin and ductile fracture in the core.
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4.1 Introduction 
 
       The thermal stabilization process in the presence of oxygen is essential to 
achieve the stabilized state for the fibers, as exposure of non-stabilized fibers to 
low temperature carbonization will result in pyrolysis and filaments fusing 
together [102]. However, the development of radial heterogeneity (skin-core 
effect) during thermal stabilization of fibers in air atmosphere persists as a major 
concern, as the carbonization of stabilized fibers with radial heterogeneity leads 
to defective carbon fibers [25, 88].  
In the literature, various studies have proposed that during stabilization of fibers 
in air, the diffusion of oxygen from skin to core causes the formation of a dense 
structure in the skin which impedes further diffusion of oxygen to the core of the 
fibers leading to the development of radial heterogeneity in the stabilized fibers 
[54, 55, 88, 115, 138]. However, there is no confirmation of the role of oxygen in 
defining the structure and properties in skin and core of the fibers. In 2009 Sun et 
al. [69] mentioned that compared to fibers treated in nitrogen atmosphere, the 
skin-core effect is only visible in the air treated samples. However the conclusions 
of these studies were drawn based on optical microscopic analysis, which, while 
useful, is unable to provide detailed functional group identity and physical 
property variation details across the cross-section of the fibers. Lv et al. [74] 
performed TEM analysis on the fiber cross-section and concluded that the 
structure of the skin region is compact when compared to core region of the 
fibers. However, quantified data on the variation of radial properties of the fibers 
was not provided. Nonetheless, it is very difficult to get useful information on the 
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microstructure of stabilized fibers using TEM [107]. Recently, Liu et al. [36] used 
nano DMA (Dynamic Mechanical Analysis) and showed that the storage modulus 
of the skin is higher than the core regions of the fibers. They concluded that the 
difference in storage modulus of skin and core regions of the fibers improved, 
however were reduced in spatial scale during the transformation of stabilized 
fibers to carbon fibers. To the best of our knowledge, there are limited studies on 
the details of modulus distribution across the cross-section of the fibers during 
the stabilization process. Moreover, no clear evidence was found in the literature 
that highlights the role of oxygen in the evolution of radial structure and property 
variations in the fibers during thermal stabilization of PAN fibers. 
Raman spectroscopy is one of the characterization techniques that was 
extensively used to understand the relative variation of sp3 (D-peak) to sp2 (G-
peak) bonded carbon atoms in carbon based materials [139-143]. Interestingly, D 
and G peaks can also exist in carbon materials which do not possess ordered or 
graphite-like structures and the G-peak can arise from any sp2 sites or C=C either 
in chain or aromatic ring structures [144]. Since Raman spectroscopy is sensitive 
to sp3 and sp2 hybridized carbon atoms in polymer structures it is suggested that 
it can be applied on the fiber cross-sections to understand the evolution of radial 
structures during the thermal stabilization process. However, to our knowledge, 
apart from the study that was published recently [88], this technique has never 
been widely used to understand these conversions in the cross-section of the 
stabilized fibers. Nano-indentation is another technique that provides information 
on the modulus distribution in the fiber cross-sections. The combination of these 
two techniques will provide evidence on the influence of treatment atmosphere 
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on structure and property variations in the fiber cross-sections during the thermal 
stabilization process. 
Hence, we conducted a comparative study on the samples treated at various 
temperatures in air and vacuum to understand the influence of oxygen on the 
development of radial heterogeneity, variation of radial modulus and structure of 
the fibers. The evolution of radial heterogeneity was assessed by optical 
microscopy and differences in radial modulus of skin and core of the fibers was 
obtained by nano-indentation. This was further complemented with the variation 
in the structure from the skin to core of the fibers using a combination of Raman 
spectroscopy and FTIR techniques. Moreover, the influence of heterogeneous 
modulus distribution in the fiber cross-section on the fracture morphology of the 
stabilized fibers was analyzed.  
4.2 Materials and Methods 
 
 4.2.1 Sample preparation 
 
      The precursor fiber used for this study was obtained from Bluestar Co Ltd, 
China. The precursor consists of polymerized acrylonitrile 93 wt%, methyl acrylate 
6 wt% and itaconic acid 1 wt% [25, 88].  
The thermal behaviour of the precursor was initially examined using DSC. A 5 mg 
fiber sample was enclosed in an aluminium pan and heated from 30 to 450 °C in 
air atmosphere at a heating rate of 10 °C/min. According to DSC exothermic curve 
shown in Figure 4-1, there are two peaks at approximately 290.3 °C and 340.8 °C 
related to cyclization and adverse oxidation reactions [16], respectively. This 
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indicates that PAN appeared to be reactive even at temperatures between ~ 170 
to 390 °C. Hence, in this study fiber samples were heat treated in a temperature 
range from 180 to 360 °C. 
 
Figure 4-1. DSC exothermic curve of PAN fibers in air 
 
The samples were prepared in a tube furnace (Carbolite, Sheffield, England), 
where the precursor was treated isothermally for 24 mins at temperatures from 
180 - 360 °C in steps of 30 °C in air and vacuum environment. After each 
temperature step the furnace was cooled down to room temperature and a 
sample was taken from the fiber tow before proceeding to further treatment. No 
tension was applied during the stabilization process. The processing details of 
each sample are provided in Table 4-1.  
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Table 4-1. Details of the samples prepared in various atmospheres 
 
4.2.2 Optical microscopy 
 
     The optical microscopy studies were performed on polished fiber cross-
sections using an Olympus DP70 Optical Microscope at 100 magnification. Fiber 
samples were mounted vertically in epoxy and the cured samples were initially 
ground using 1200 grit paper and subsequently polished until a 1 m surface finish 
using Struers rotopol automatic polishing machine.  
Sample 
ID 
Temperature 
 (°C) 
Time 
 (Min) 
Atmosphere 
PAN - - - 
A180 180 24 Air 
A210 210 24 Air 
A240 240 24 Air 
A270 270 24 Air 
A300 300 24 Air 
A330 330 24 Air 
A360 360 24 Air 
V180 180 24 Vacuum 
V210 210 24 Vacuum 
V240 240 24 Vacuum 
V270 270 24 Vacuum 
V300 300 24 Vacuum 
V330 330 24 Vacuum 
V360 360 24 Vacuum 
VA360 360 24 min in each 
environment 
Treated in vacuum and then 
in Air 
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4.2.3 Scanning electron microscopy (SEM) 
 
     A Scanning Electron Microscopy (Zeiss Supra 55VP FEG SEM) was used to 
analyze the fracture morphology of the tensile fractured samples. The fractured 
samples were vertically mounted on a stub and coated with gold before 
performing SEM. The operating voltage used was 5 kV to avoid charging of the 
fibers. 
4.2.4 Elemental analysis 
 
     Elemental analysis was conducted in a helium environment in CHNS mode using 
a Perkin Elmer 2400 Series II Elemental analyzer. The accuracy and precision of 
measurements are less than or equal to 0.3 % and 0.2 %, respectively. Before 
performing the elemental analysis on the samples the instrument was calibrated 
and an initial trial run on the Cystine standard sample was conducted. The weight 
percentage of oxygen content in the samples was obtained by deducting the 
weight percentages of carbon, hydrogen, nitrogen and sulphur from 100 wt%.    
4.2.5 Nano-indentation 
 
     In order to investigate the modulus distribution across the cross-section of 
fibers, nano-indentation was carried out using a Hysitron “TI 950 Tribo-Indenter”. 
The transducer was fitted with a three-sided pyramidal (Berkovich) probe with a 
radius of curvature at the tip of approximately 150 nm. The probe shape (tip area) 
function, was generated by an independent calibration of the probe before testing 
the fibers. Fibers were mounted in epoxy and polished to 1µm surface finish. The 
indenter was forced into the fiber at 60 µN/s for 5 s, held at a peak load of 300 µN 
66 
for 2 s and unloaded at 60 µN/s. Unloading segments of every load vs 
displacement curves were analyzed for contact stiffness by establishing a power 
law fit using an upper limit as 95 % and lower limit as 20 % [25]. Finally, the 
reduced modulus Er, was calculated using Equation 4.1, where ‘S’ is the contact 
stiffness, ‘’ is the constant which is 1.034 for Berkovich indenter and ‘A’ is the 
projected contact area obtained from contact depth and tip area function of the 
indenter. 
                                          𝐸𝑟 =  
√  𝑆
2  √𝐴 
                                                        (4.1) 
4.2.6 Raman spectroscopy 
 
    Raman spectroscopy was performed on the fiber cross-sections using a 
Reinshaw Raman Spectrometer. An argon (Ar+) laser with an excitation 
wavelength of 514 nm, with a source power of 50 mW was used. Laser power was 
set to 1% to avoid burning the samples. A 50x objective with a numerical aperture 
of 0.75 was used which results in the diameter of the laser spot approximately 840 
nm. Before obtaining the spectra, Raman shifts were calibrated using a silicon 
reference. Spectra were obtained between 600 and 1900 cm-1 with an average of 
10 accumulations at an exposure time of 10 s. Raman spectra were obtained from 
skin and core positions of at least five fiber cross-sections for each sample.  
4.2.7 Infrared studies 
 
     FTIR spectra were obtained on the fiber samples using a Bruker Lumos in ATR-
mode equipped with Ge crystal. The spectra were collected between 600 and 
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4000 cm-1 with a resolution of 4 cm-1. 32 scans were conducted to obtain each 
spectrum.  
4.3 Results and Discussion 
 
4.3.1 Effect of atmospheric oxygen on the development of radial 
heterogeneity 
 
     The fiber samples treated in air and vacuum environment at various 
temperatures were initially examined for the existence of radial heterogeneity 
using optical microscopy. The cross-sections of the fiber samples are shown in 
Figure 4-2. The radial heterogeneity was visible in the fibers treated in air from 
240 °C onwards, conversely it was not observed in the fibers treated in vacuum. 
Moreover, morphological changes in the cross-sections of the vacuum treated 
samples were visible as shown in Figure 4-2 (V270, V330 and V360). The cross-
sectional surface of the vacuum treated samples was rough after 270 °C, which 
indicates the brittle nature of the material from the fiber cross-section during 
polishing. On the other hand, the visibility of the radial heterogeneity in air 
atmosphere was faded with increase in the treatment temperature.  This 
phenomenon is assumed to be caused by the diffusion of oxygen from skin to core 
resulting in chemical and structural changes. As a follow up study, this was further 
confirmed by conducting elemental analysis and treating vacuum treated sample 
further in air atmosphere.   
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Figure 4-2. Optical microscopy of the samples treated in air and vacuum (See Table 4-1 
for sample details) 
 
The variation of oxygen content (wt%) in the fibers with respect to treatment 
temperature is shown in Figure 4-3. In air, the oxygen content of the fibers 
increased with increase in temperature whereas in vacuum the oxygen content 
remained almost constant throughout the temperature range. In Figure 4-3 there 
is a slight 1 to 2 wt% increase in oxygen content of the vacuum samples compared 
to precursor fibers. This is due to the sensitivity of oxygen towards cyclic 
structures even at room temperature [145]. However, the overall wt% of oxygen 
in vacuum samples is constant and negligible at lower levels compared to air 
treated samples.  Some of the fibers treated in vacuum at 360 °C for 24 mins were 
further treated in air atmosphere at 360 °C for 24 min and are indicated by VA. 
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Interestingly, the percentage of oxygen in this sample is similar to the sample 
treated in air at 360 °C for 24 min. This confirms that the absorption of oxygen by 
the fibers is driven by treatment temperature in air atmosphere. Furthermore, the 
radial heterogeneity is also visible in the fiber samples as shown in Figure 4-4(b).  
A gradient of oxygen content across the cross-section might have caused the 
variation in structure across the cross-section of the fibers, which further led to 
the development of radial heterogeneity. The presence of oxygen in the fiber 
structure can be in various forms such as i) epoxide bonding which links two cyclic 
structures, ii) carbonyl bond in a cyclic structure and iii) hydroxyl group linked to 
the cyclic structure [15, 146]. 
 
 
Figure 4-3. The percentage of oxygen content in the fiber samples as a function of 
temperature for various environment conditions 
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Figure 4-4. a) Vacuum treated sample at 360 °C for 24mins (V360) b) Vacuum and Air 
treated sample at 360 °C for 24mins each (VA360) 
 
4.3.2 Effect of atmospheric oxygen on fiber radial modulus 
 
      Nano-indentation was performed on the fiber cross-sections to determine the 
heterogeneity in the modulus of the fibers in radial direction. The height images 
of the fiber cross-sections and corresponding radial modulus values at each 
position along the fiber diameter are shown in Figure 4-5. It was not possible to 
perform nano-indentation on the fibers treated in vacuum above 270 °C. The 
fiber’s cross-sectional surface was not smooth enough as chipping of the material 
occurred during sample polishing. Interestingly, heterogeneity in the modulus 
across the fiber diameter does already exist in the original PAN fibers (as shown 
in Figure 4-5 (PAN)) with an increase in modulus from skin to core. The observed 
radial heterogeneity can be due to the dense packing of the fibrils in the core 
region compared to the skin and/or due to the application of tension during the 
manufacture of precursor [25]. However, after thermal treatment in vacuum the 
observed trend disappeared. Thermal treatment of the samples with no tension 
could have helped the molecular chains to adjust into proper positions for 
participating in the stabilization reactions and thereby improve the uniformity in 
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the properties in the radial direction in case of vacuum treated samples (Figure 
4-5 (V240 and V270)). In air treated samples, the trend in the variation of radial 
modulus is opposite to the precursor. 
 
Figure 4-5. Height images and reduced modulus of the fiber samples treated in air and 
vacuum at respective indented positions (Please refer Table 4-1 for sample details) 
 
In Figure 4-5 (A270 to A360), a clear difference between skin and core in the height 
image is evident for the samples treated in air from 270 °C onwards which 
indicates the difference in properties of the skin and core. Moreover, the area of 
the core is decreased with increase in the treatment temperature (Figure 4-5 
(A300 and A360)). In air treated samples, a decrease in the modulus from the skin 
to core regions has been observed in the fiber samples from 240 to 360 °C (Figure 
4-5 (A240 to A360)). This could be attributed to the evolution of denser or 
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compact structures in the skin region of the fibers because of intermolecular 
cross-linking promoted by oxygen diffusion [38, 74, 147]. This phenomenon was 
further confirmed by examining the vacuum and then air treated sample at 360 °C 
for 24 min (compare Figure 4-4 and Figure 4-5 (VA360)). The modulus of the skin 
of the fiber sample VA360 is higher than the core, which further confirms the 
influence of oxygen on the radial properties of the fibers. 
4.3.3 Effect of atmospheric oxygen on fiber cross-sectional structure  
 
The transformation in the chemical structure on the surface of the fibers with 
respect to atmosphere was obtained by FTIR as shown in Figure 4-6. The depth 
of penetration of the IR beam can be obtained using Equation 4.2 [148].  
       𝐷𝑒𝑝𝑡ℎ 𝑜𝑓 𝑃𝑒𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 =  𝜆
2𝜋(√𝑛12𝑠𝑖𝑛2𝜃 − 𝑛22))
⁄                         (4.2) 
Where λ is the wavelength of the beam, n1 is the refractive index of the Ge crystal 
= 4 [75], n2 is the refractive index of the sample which is ~ 1.2 to 1.6 for polymers 
[148],  is the incident angle of the beam. It can be said that the FTIR data is from 
the surface of the fibers; for example considering a 45° incident angle ATR crystal, 
at a wavenumber of 1000 cm-1 the depth of penetration of IR beam in the case of 
an ATR Ge crystal is ~0.66 µm [75]. The thickness of the skin of the sample treated 
at 240 °C in air ranges from 3.5 to 4 µm which is almost 6 times greater than the 
penetration depth of the IR beam. Hence the obtained spectra is relevant to the 
chemical structure from skin region of the fibers. 
  
In Figure 4-6, the peak at 802 cm-1 corresponds to the C-H bending vibration of a 
–C=C-H functional group which can also be associated with the dehydrogenation 
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reaction [28]. The peak at 1585 cm-1 corresponds to a combination of C=N, C=C 
and N-H functional groups [28, 64]. A shoulder-like peak appeared at 1660 cm-1 
which corresponds to C=O in the cyclized structures [28]. In both air and vacuum 
the appearance of a peak at 1585 cm-1 indicates the formation of cyclic structures 
which is independent of atmospheres. However, in the case of vacuum treated 
samples the peak at 1585 cm-1 could mainly corresponds to C=N/ and formation 
of cyclic structures due to the cyclization reaction and partially to C=C because of 
dehydrogenation reaction. This is further supported by the increased intensity of 
peaks at 802 cm-1 and 1664 cm-1 in air treated samples indicating the occurrence 
of dehydrogenation and oxidation reactions. These reactions are supressed when 
the fibers are treated in vacuum. The dehydrogenation of the polymer backbone 
may be auto catalysed at these temperatures through enhanced autoxidation 
[149, 150].  
 
Figure 4-6. FTIR spectra of PAN, sample treated in air and sample treated in vacuum at 
240 °C 
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Variations in the radial structure were obtained by performing Raman 
spectroscopy on the skin and core regions of the fibers. The measurement 
positions and spectra of the fiber cross-sections treated at various temperatures 
and tentative assignments of the peaks are shown in Figure 4-7 and Figure 4-8 (a, 
b). The peaks near 1584 cm-1, 1360 cm-1, 1480 cm-1 and 1620 cm-1 were assigned 
to G, D, A and Dˈ bands [86, 88, 89, 151, 152], respectively. The G-band is 
associated with sp2 hybridized carbon atoms, whereas the D-band corresponds to 
sp3 bonded carbon atoms in the structure of fibers [139-141]. The A-band is 
associated with amorphous carbonaceous structures [88]. The relative variation 
in the intensities of D and G peaks can be used to quantify the distribution of sp3 
and sp2 hybridized carbon atoms in a carbon network. Moreover, the formation 
of C=C structures will also be influenced by the initiation of intermolecular cross-
linking between the molecular chains with the elimination of H2O [34]. The 
formation of these structures in a carbon network in the skin and core were 
quantitatively assessed in the cross-sectional level using Raman spectroscopy. In 
support to our belief, it was recently published that the formation of conjugated 
planar structures can take place during the stabilization stage. These structures 
will act as an origin for the evolution of pseudo graphitic structures in 
carbonization [153, 154]. Hence, the variation in the intensity ratios along the fiber 
diameter can be used to correlate the structural changes in the cross-section with 
the differences in the radial modulus of the fibers. 
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Figure 4-7. Raman spectra of the samples treated in air a) 270 °C b) 360 °C;  treated in 
vacuum c) 270 °C d) 360 °C; e) samples treated in vacuum and air at 360 °C f) 
Measurement positions at skin and core of the fiber samples 
 
From Figure 4-7 it is evident that there is a clear difference in the spectra of skin 
and core regions of the fibers in air treated samples.  For example the increased 
G band of A270 (Figure 4-7a – black) of skin relative to the core (Figure 4-7a – red) 
is consistent with the conversion of sp3 to sp2 hybridized carbons at the periphery 
of the fiber, which is also consistent with the enhanced rate of dehydrogenation 
observed in the FTIR spectrum (Figure 4-6) and the formation of intermolecular 
cross-linked structures. This is complemented by the corresponding decrease in D 
band intensity.  Also consistent with our observations in FTIR is the absence of 
dehydrogenation for samples treated in vacuum, as no variation in ID/IG is 
observed for these samples between the skin and core.  
This suggests that stabilization in the presence of oxygen has a significant effect 
on the structural variation in the cross-section of fibers. Moreover, in the air 
treated samples, with increase in treatment temperature from 270 to 360 °C there 
76 
is a decrease in the ID/IG from 2.00 to 1.61 in the skin and 4.38 to 1.89 in the core. 
This indicates that the diffusion of oxygen into the fiber core promotes the 
evolution of unsaturated carbon species via an oxidation process. The similarity in 
spectra of samples A360 and VA360 shown in Figure 4-7(b and e) further supports 
that the treatment atmosphere has a strong influence on the formation of 
heterogeneity in the radial structure of the fibers. In order to understand the 
relative variation in the intensities of D and G bands with the progress of thermal 
treatment, multiple peak curve fitting using the Lorentzian fitting function on the 
spectra of the samples was performed. Spectra from the core of the air treated 
samples up to 330 °C and the spectra from the vacuum treated samples indicate 
the presence of a low intensity Dˈ band, which is associated with the defect-
induced D band. The growth or decay in the intensities of these two peaks occur 
similarly [151]. With the progress in thermal treatment in air, a decrease in the 
intensity of D-band along with disappearance of the Dˈ band was observed.  
Hence, two types of peak fitting were employed on the spectra.  
For samples treated in vacuum, a four peak fit was used for both skin and core 
Raman spectra (e.g. Figure 4-8(a)). This fit was only used for the spectra obtained 
from the core of samples treated in air up to and including 330 °C. Whereas, for 
spectra obtained from the skin of all samples treated in air, a three-peak fit was 
employed. This same three-peak fit was used for the spectrum obtained from the 
core of the air treated sample at 360 °C (e.g. Figure 4-8(b)). 
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Figure 4-8. Lorentz curve fit on the Raman spectra from a) core and b) skin of A330 
fibers 
 
The variation in the hybridization of the carbons is plotted in Figure 4-9 by 
considering the ratio of the intensities of D and G bands from the skin and core of 
the fiber samples. The ID/IG ratio in the air treated samples decreased with 
increase in treatment temperature (Figure 4-9(a)). A significant difference exists 
in the variation of sp3 to sp2 hybridization ratio between skin and core of air 
treated samples below 360 °C, with the skin having higher sp2 carbon content. The 
similarity of skin and core at 360 °C is attributed to the evolution of crosslinked 
structures in the core region with the temperature related progress in the 
diffusion of oxygen. However, from Table 4-2, the simultaneous increase in the 
oxygen content of fibres with a decrease in ID/IG ratio suggests that the 
crosslinking could have occurred only at certain favourable sites in the molecular 
chains of air treated samples.  In order to understand the fundamental reasons 
for the variation of crosslinking mechanism in the cross section of fibres stabilized 
in the presence of atmospheric oxygen, IR imaging of the fibre cross sections 
needs to be conducted, that work is presented in the following chapter. The 
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significant decrease in intensity ratios of D and G peaks at the skin and core of the 
V360 sample after air treatment (VA360) further confirms the importance of 
oxygen in the evolution of compact structure in the fibers. Almost no difference 
in ID/IG values for skin and core was observed in the fibers treated in vacuum as 
shown in Figure 4-9(b).  
 
Figure 4-9. ID/IG ratio in skin and core regions of a) air treated and b) vacuum and 
vacuum/air treated fibers with respect to treatment temperature 
 
 
Table 4-2. Comparison of oxygen content and ID/IG of air treated fibres. 
Sample ID Oxygen content (Wt %) Average (ID/IG) 
  Skin Core 
A270 12.04 2.00  0.04 4.38  0.35 
A300 17.86 1.78  0.04 4.26  0.28 
A330 19.84 1.63  0.03 3.65  0.24 
A360 19.92 1.61  0.03 1.89  0.11 
VA360 17.78 1.72  0.07 2.38  0.09 
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4.3.4 Effect of atmospheric oxygen on fracture morphology of the fibers 
 
     The fractured surfaces of the samples were further examined to understand 
the influence of heterogeneous modulus distribution on the fracture morphology 
of fibers (Figure 4-10). Here, red arrows indicate the initiation of the crack, the 
propagation of the crack is marked with blue and the weaker/soft regions with 
yellow arrows. Interestingly, in all fibers the crack initiation took place from the 
surface of the fibers. In regards to the texture of the fractured surface, granular 
fracture was observed in the original PAN fibers. This kind of fracture occurs if 
there is a moderate cohesion between the fibrils [137]. A similar kind of crack 
propagation is observed in all vacuum treated fiber samples and the sample 
treated in air at 240 °C. In the air treated samples above 270 °C, a clear distinction 
in the crack propagation and two types of textures have been observed. The 
fractured surface is smoother and more compact near the skin region whereas a 
rough texture was observed in the core region of the fibers. This shows the 
combination of brittle and ductile fracture in the cross-section of the air treated 
fibers. If there is a strong cohesion between the fibrils, the failure of the fiber takes 
place by successive failure of the fibrils at the nearest positions leaving the 
fracture surface smooth [137]. Taking into account the FTIR and Raman data 
suggesting enhanced stabilization reactions and intermolecular cross-linking 
promoted by the diffusion of oxygen at the fiber surface, this has likely led to 
dense structures in the skin. Lack of oxidation in the core of the fibers seems to 
lead to low intramolecular cohesion in the core region of the fibers leaving the 
texture rough. Similarly, in vacuum treated samples a rough texture is observed 
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even at high temperatures and no variation in the fracture morphology at the skin 
and core regions is witnessed. 
 
Figure 4-10. Fracture surfaces of the fiber cross-sections (Refer to Table 4-1 for sample 
information) 
 
4.4 Conclusion 
       
      The influence of oxygen on the development of radial heterogeneity during 
thermal stabilization and its effects on the radial structure and modulus of the 
fibers were studied. The atmospheric presence of oxygen during fiber stabilization 
plays a critical role in the formation of radial heterogeneity in PAN fibers. In air 
treated samples, nano-indentation clearly showed heterogeneous modulus 
distribution in the skin and core regions, with the skin of the fibers possessing a 
higher modulus compared to the core of the fibers.  For samples treated in 
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vacuum, no variation in modulus was observed in the fiber cross-section, again 
supporting the role of oxygen in the formation of radial heterogeneity. Structural 
heterogeneity was only observed after treatment in air, with the skin having a 
significantly higher sp2 carbons as shown by Raman, whereas samples treated in 
vacuum showed a higher sp3 carbons. This was attributed to enhanced 
intermolecular interactions facilitated by oxygen diffusion further enhancing the 
compactness of the fiber skin. This finding was supported by examination of 
fracture morphology, where the skin region of air treated fibers was found to be 
compact and brittle, typically being where crack initiation occurred.  Conversely, 
the core of the fiber was shown to be soft and ductile, being similar to the PAN 
polymer. 
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CHAPTER FIVE
 
5. Thermally Induced Structural Transformations and 
Evolution of Radial Heterogeneity in PAN Precursor 
Fibers 
 
Abstract 
The transformation of functional groups and development of radial structural 
heterogeneity during the thermal stabilization of polyacrylonintrile (PAN) 
precursor fibers was quantitatively defined for the first time using high resolution 
spectroscopic imaging techniques. The infrared imaging of isothermally heat 
treated fiber cross-sections reveals the radial distribution of specific functional 
groups (CN, C=N, CH2, CH and C=O) that form the ladder polymer structure, the 
most critical stage in the precursor stabilization process. It was found that the 
cyclization reaction of PAN polymer chains occurs at a faster rate in the core of 
the fiber during heating. This was further confirmed by variations in the 
microstructure using micro-XRD studies. This phenomenon promoted the 
dehydrogenation reaction in the fiber core. However, the conversion of sp3 to sp2 
hybridized carbon atoms was found to be higher around the skin layer compared 
to the core of the fibers, thus providing evidence for different cross-linking 
mechanisms in the skin and core of the fibers. The simultaneous occurrence of a
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higher extent of cyclization and dehydrogenation reactions due to the excess heat 
developed in the core and a delay of oxygen diffusion in to the core of the fibers, 
played a critical role in defining different cross-linking mechanisms in the skin and 
the core regions that further led to the evolution of radial heterogeneity in the 
fibers.  
5.1 Introduction 
 
      Evolution of structural heterogeneity along the radial direction of fibers is the 
critical imperfection that occurs during the stabilization process, which further 
advances to the carbon fibers and affects the final tensile properties [36, 88]. This 
heterogeneity is believed to be a result of higher extent of oxidation in the skin 
than in the core of the fibers [54, 55, 69, 88]. However, no evidence was found so 
far on the chemical distribution in the cross-section of the fibers. A detailed 
investigation of changes in chemical distribution across the fiber cross-section at 
different treatment times can provide insights into their stabilization mechanism, 
which further assists in identifying the solutions to prevent the formation of a skin-
core effect in the final fiber product.  
In this work, the development of skin-core heterogeneity in PAN fibers in the 
process of thermal stabilization was examined. The samples were prepared in the 
stabilization zone of a pilot- scale carbon fiber manufacturing line. The fibers were 
initially examined using optical microscopy to observe the formation of skin-core 
morphology. Unlike previous IR studies [25, 28, 34, 75, 97, 114], which were 
conducted on fiber bundles and powdered fibers, this is the first time that 
quantitative analysis of the single filament cross-sections is reported. The 
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important functional groups (including CN, C=N, CH2, CH and C=O) were 
specifically identified and their distributions mapped since they form the basis of 
ladder polymer structure during the thermal stabilization process. Furthermore, 
Raman micro-spectroscopic studies were performed on the fiber cross-sections to 
understand the conversion of sp3 to sp2 hybridized carbon atoms with the 
progress of heat treatment time. Based on the results obtained from both 
synchrotron macro ATR-FTIR mapping and Raman techniques, different cross-
linking mechanisms in the skin and core of the fibers are proposed. Finally, the 
micro-structure variation in the fiber cross-sections was confirmed by conducting 
X-ray studies on the monofilaments and in the lateral direction (transverse to the 
fiber axis) of the filaments to correlate the progress of reactions with the 
structural evolution in the fiber cross-sections.  It should be emphasized that this 
study provides substantial information on structural transformations at the cross-
sectional level which has never been reported previously. The outcome of this 
work will lead us towards controlling the structural defects in the fibers during the 
carbon fiber manufacturing process, which is critical for improving the 
performance of the resultant carbon fibers. 
5.2 Experimental 
 
5.2.1 Sample preparation  
 
    The experiments were conducted on 24k PAN precursor fibers from BlueStar Co 
Ltd. Sixteen tows were isothermally heat treated at 240 °C for up to 24 mins by 
passing through the initial stabilization zone (heated length is 8m and at a line 
speed of 120 m/hr) of the carbon fiber pilot line at Carbon Nexus, Deakin 
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University. A standard tension of approximately 1800 cN was applied on the fiber 
tows during this procedure. At the end of the experiment (when the line is 
switched off), a 8 m long fiber tow was cut and collected, which was a 
conglomeration of the fiber samples that were exposed to heat at 240 °C 
temperature for different periods of time. Three specific samples with different 
treatment times were taken from the fiber tow (example shown in Figure 5-1) for 
futher quantitive analysis, including the tail of the tow (0 min or the raw precursor 
fiber), middle of the tow (treated for 12 min at 240 °C)  and head of the tow ( 
treated for 24 min at 240 °C). 
 
Figure 5-1. An example of the fiber tow and the positions at which samples were 
collected 
 
5.2.2 Optical microscopy 
 
    Optical microscopy on the fiber samples was performed using Olympus DP 70 
Optical Microscope at a magnification of 100. Initially, fibers were vertically 
mounted in epoxy and the room temperature cured sample mounts were ground 
using 1200 grit paper. The ground samples were further polished up to 1 µm 
precision under 25 N load at 300 RPM for at least 10 mins using an automatic 
Rotopol polishing machine.  
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5.2.3 Synchrotron macro ATR-FTIR mapping micro spectroscopy 
 
     Synchrontron-IR micro-spectroscopic measurement was performed at the 
Infrared Micro-spectroscopy (IRM) Beamline (Australian Synchrotron) using a 
Bruker Vertex V80 v Spectrometer. The spectrometer was connected with a FTIR 
microscope (Hyperion 2000) and a liquid nitrogen-cooled narrow-band mercury 
cadmium telluride (MCT) detector. An in-house developed macro ATR-FTIR device 
equipped with a 250 µm diameter facet Ge ATR crystal was used to acquire a 
spectral map of the single fiber cross-sections in mapping mode. 
The brightness of a highly collimated synchrotron-IR beam is 100-1000 times 
higher than the IR source used in lab scale FTIR instruments, enabling acquisition 
of FTIR spectra of high quality at a diffraction-limited spatial resolution. Such 
properties make synchrotron-IR an excellent analytical platform for acquiring 
spatially resolved chemical mapping of materials at a lateral resolution between 
3-10 μm (depending on wavelength). The ATR-FTIR technique is widely used for 
probing surface-specific molecular information of materials. Coupling 
synchrotron-IR beam to an ATR element further enhances the lateral resolution 
compared with transmission and reflectance, by a factor equal to the refractive 
index (n) of the ATR element. For mapping measurements using Ge element (nGe 
= 4), this has the effect of not only reducing the beam focus size (improving the 
lateral resolution) by a factor of 4, but also reducing the mapping step size by 4 
times relative to the stage step motion [155]. 
The traditional microscopic ATR-FTIR technique requires the ATR optical element 
to be brought into contact with the sample at every measurement point. The high 
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pressure that is repeatedly applied onto the surface of the sample similar to 
tapping mode, often leads to sample damage. The macroscopic (macro) ATR-FTIR 
device developed at the Australian Synchrotron IR Beamline, in contrast, allows 
the applied pressure between the ATR element and the sample to be adjustable 
using a control knob and also by changing the facet size of the ATR optical element 
[155]. In addition, the macro ATR-FTIR technique requires the contact to be made 
only once for the entire mapping measurement, reducing the possibility of sample 
damage and resulting in faster scanning speed at 4 higher resolution. 
Accordingly, high resolution synchrotron-based macro ATR-FTIR mapping 
measurement was performed for the first time on the single fiber cross-sections 
to reveal the radial structural transformations in these fibers. 
Initially, the fiber cross-sections, which were embedded in resin and mounted on 
an aluminium disc, were focused on using a 20 objective lens.  Later on, the Ge 
ATR crystal was brought to the focus of the synchrotron-IR beam, and a 
background spectrum was recorded in air using 4-cm-1 spectral resolution and 128 
co-added scans. After that, the fiber cross-sections, which were embedded in resin 
and mounted on an aluminium disc, were brought into contact with the Ge ATR 
crystal, and a spectral map was acquired to cover a few fiber cross-sections. In this 
study, every spectrum was collected with a beam defining aperture providing a 
nominal measurement area of 3.1 µm diameter per pixel, and at a 1µm step 
interval. For each pixel, the synchrotron ATR-FTIR spectrum was recorded within 
a spectral range of 3800-700 cm-1 using a spectral resolution of 4 cm-1 and co-
added scans of 32. Blackman-Harris 3-Term apodization, Power-Spectrum phase 
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correction, and zero-filling factor of 2 were used as default acquisition parameters 
using the Bruker OPUS 7.2 software. 
The fraction of reacted nitriles was calculated from Equation 3.2 [130], and the 
dehydrogenation index was calculated from Equation 3.3 [131] in Chapter 3.                                                                                                               
5.2.4 Micro Raman studies 
 
     Raman spectra were collected along the diameter of the embedded fiber cross- 
sections using a Renishaw InVia Raman Micro spectrometer (Renishaw plc, 
Gloucestershire, UK) , which was equipped with a 488 nm Ar+ ion laser, and a 
thermoelectrically cooled CCD detector. A 100 objective with a numerical 
aperture of 0.9 was used to perform a line scanning measurement on the fiber 
cross-section. Acquisition parameters used for data collection include 1% laser 
power, 1s exposure time and 10 accumulations. At least 13 spectra were acquired 
across the diameter of the fiber at 1 m spacing between the points. The diameter 
of the focused laser spot (i.e. sampling area per pixel) was ~660 nm. Calibration 
was done on a piece of silicon wafer before performing the spectral acquisition. 
For each fiber sample, at least five cross-sections were measured and processed 
for subsequent analysis. Spectral post-processing consisting of baseline correction 
was performed using Origin software. 
5.2.5 X-ray diffraction studies 
 
     X-ray studies were conducted at Australian Synchrotron, SAXS/WAXS beamline. 
The energy and wavelength of the X-rays were 20 keV (λ = 0.619 Å)respectively. 
The size of the beam used was ~100 X 200 µm2. Each sample was exposed to X-
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rays for 20s. Wide-angle X-ray Scattering (WAXS) data were obtained from 
longitudinal position of the monofilaments as shown in Figure 5-2.  
 
 
Figure 5-2. Monofilament exposed to x-rays in longitudinal direction 
 
In a second set of measurements, WAXS patterns on the single filaments were 
obtained at the Australian Synchrotron, X-ray Fluorescence Beam line. In this 
study, a single filament of the fibre samples was probed in the lateral direction in 
steps of 1 µm. The size of the beam was approximately 1 µm diameter. The energy 
and the wavelength of the X-rays were 17.5 keV (λ = 0.709 Å). A Pilatus detector 
was used to collect the WAXS data through a nitrogen environment in order to 
avoid air scattering. Each filament was exposed to X-rays for 30 s at each probing 
point. An example of the probed position on the single filament is shown in Figure 
5-3. 
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Figure 5-3. Probing positions in the lateral direction of the filament 
 
An apparent crystallite size (Lc) was calculated for each sample using Scherrer’s 
formula [120, 156, 157] (Equation 5.3), where K is a constant which is 0.89, λ is the 
wavelength of the X-rays, and B is the full width at half maximum intensity at a 
diffraction angle 2 (i.e., ~6.6° for the first study on the single filaments and ~6.1° 
for the second study probed in the lateral direction of a filament). 
                                         𝐿𝑐 =  
𝐾 𝜆
𝐵 cos 𝜃 
                                            (5.3) 
5.2.6 Thermal analysis 
 
     The thermal analysis on the fibers samples was conducted using Differential 
Scanning Calorimetry (TA instruments, Q50 DSC). A sample of around 5 mg was 
prepared for this analysis. The variation in the exothermic heat flow of each 
sample was obtained in the temperature range of 30 to 450 °C at a heating rate of 
10 °C/min in air atmosphere. Before performing the thermal analysis an indium 
standard sample was tested to confirm any deviations in the heat flow and shift 
of the peak positions. The cyclization index was calculated based on the variations 
in the exothermic heat based on the equation 3.1. 
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5.3 Results and Discussion 
 
5.3.1 Radial heterogeneity in the fibers 
 
     Figure 5-4 presents the development of skin-core structural change in the 
cross-sections of treated PAN fibers observed using optical microscopy. A 
difference in the skin-core appearance was observed in both of the heat treated 
samples, where the core was found to be darker with a light coloured interface 
visible between skin and core of the fibers. No significant variation was observed 
in core to the fiber diameter when the treatment progressed i.e., ~0.31 and ~0.26 
for 12 min and 24 min treated samples respectively. This indicates that the major 
structural transformations are confined to a certain depth across the fiber cross-
section for the selected temperatures. It is well established that the skin-core 
evolution is largely dependent on (i) the diffusion rate of oxygen into the core, and 
(ii)  the outward diffusion of products of chemical reactions from the core during 
the thermal stabilization process [158]. Note that the oxygen required for 
stabilization of fibers is supplied by the surrounding air and diffuses from the skin 
further into the core of the fibers. The higher concentration of oxygen in the skin 
compared to the core of the fibers results in a higher degree of stabilization in the 
skin than the core [74, 158, 159].  
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Figure 5-4. Optical microscopic images of the cross-sections of (a) 0-min, (b) 12-min and 
(c) 24-min treated PAN fibers 
5.3.2 Distribution of chemical species in the fiber cross-section 
 
    In general, there are three major reactions that occur during the thermal 
stabilization process- cyclization, dehydrogenation and oxidation [17, 25, 41, 95]. 
The proposed chemical structure transformations as a result of each reaction 
were shown by Rahaman et al. [15]. Cyclization is an exothermic reaction in which 
the formation of cyclic structures takes place in the molecular chains by converting 
CN to C=N functional group [42, 83]. The oxidation reaction not only involves the 
formation of C=O bonds in the structure, but also enhances the dehydrogenation 
reaction by eliminating hydrogen in the form of H2O [41, 134]. With the progress 
of stabilization reactions various transformations take place in the chemical 
species of the polymer. 
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IR spectroscopy was performed on the fiber cross-sections and the spectra of PAN 
fiber and the spectral variation from the skin to core of the fibers treated for 24 
min are shown in Figure 5-5. In the IR spectra (example shown in Figure 5-5) the 
peaks corresponding to the wavenumbers 2243 and 1595 cm-1 are related to CN 
and a combination of C=N, C=C and N-H functional groups [64, 160]. The origin of 
the C=C and N-H functional groups is a result of oxidative dehydrogenation 
reactions and tautomeric changes in the chemical structures [160]. However, the 
relative variation in the intensities of peaks at 2243 and 1595 cm-1 is generally 
used to demonstrate the extent of cyclization reaction in the polymer structure 
[130, 161]. The peaks associated with wavenumbers 1660, 1454 and 1350 cm-1 
correspond to C=O because of oxidation, CH2 and CH functional groups, 
respectively [64]. The distributions of CN (in PAN and treated fibers) and C=N (in 
treated fibers) in the cross-section of the fibers (shown in Figure 5-6) were 
generated by integrating the area under the peaks corresponding to 2243 and 
1595 cm-1 in the spectra (shown in Figure 5-5). 
 
Figure 5-5. FTIR spectra of PAN and skin to core spectra of the sample treated for 24 
min 
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In Figure 5-6, the blue colour indicates the epoxy matrix in which the fibers were 
embedded. The green colour indicates the transition zone from epoxy to the fiber. 
Hence only the central region (shown as the pink colour) of the fiber was 
considered for the analysis. According to Figure 5-6a, the overall distribution of 
the nitrile groups is more or less constant throughout the cross-section of the 
unheated fibers. However, after thermal treatment at 240 °C for 12 and 24 min, 
changes in distribution of the CN and C=N groups were observed in the cross-
section of the fibers. Compared with the 12 min treated sample, a high contrast 
in functional groups distribution the (CN and C=N) in the 24 min sample is 
significantly evident. Interestingly, the concentration of the CN group was higher 
in the skin compared to the core of the fibers. Conversely, the concentration of 
C=N functional group was higher in the core region compared to the skin, 
indicating the core structure is highly cyclized. Moreover, no significant variation 
in the trends of functional groups distributions was observed with in the selected 
fiber samples from 12 and 24 min treatment times. The 3D contour plots of the 
CN and C=N distribution across the fiber are shown in Figure 5-6c, reveal a ‘cup 
and cone’ chemical characteristic that confirms a high degree of cyclization in the 
core region compared to the skin. Unlike previous reports [58], the high-resolution 
synchrotron-based ATR-FTIR maps observed in this study confirmed for the first 
time that the concentration of C=N was higher in the areas where the CN 
concentration was lower.  
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Figure 5-6. Chemical distribution of nitrile (CN) and C=N functional groups a) 0-min b) 
12-min and c) 24-min treated PAN fibers ( with 3D contour plots of the corresponding 
functional groups shown on the right side). 
 
These functional group variations in the cross-section of the fibers were 
represented quantitatively based on different indices. The fraction of reacted 
nitriles/cyclization index and dehydrogenation index represent the relative 
variation of CN, C=N and CH2, CH functional groups in the fibers with respect to 
thermal treatment. They were calculated across the diameter of the fibers using 
Equations 5.1 and 5.2. In addition, the variation in the absorbance intensity at 
1660 cm-1, which is associated with C=O groups in the cyclized structure, gives an 
estimate of the occurrence of the oxidation reaction across the cross-section of 
96 
the fibers [41]. The probed positions and corresponding indices are presented in 
Figure 5-7. 
In the cross-section of the fibers an increasing trend is evident in the indices and 
the intensity of C=O aligned from the skin to the core of the fibers. In both 12 min 
and 24 min treated samples, the intensities of the C=N band were found to be 
~16% higher in the core than those observed on the skin. Similarly, the intensities 
of the CH functional group appeared to be ~15% higher in the core than in the skin 
region of 24 min treated fibers. Although there was no significant difference in the 
C=O intensity observed for both treated samples, the C=O intensities were found 
to be consistently higher in the core than the skin of both treated fibers. Based on 
the observed trends, it is evident that the cyclization, dehydrogenation and 
oxidation reactions progressed to a higher extent in the core than the skin region 
of the fibers.  
 
Figure 5-7. a) Probing positions across the fiber cross-section (left to right position 1-10) 
b) Fraction of reacted nitriles c) Dehydrogenation index d) Absorbance intensity of C=O 
peak at 1660 cm-1. 
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It is well known, and has been demonstrated in Chapter 3 stabilization reactions 
are exothermic in nature. The skin of the fibers is first exposed to heat and the 
exothermic reactions are initiated on the surface of the fibers. The excess heat 
generated by these exothermic reactions dissipates from the surface of the fibers 
by heat exchange phenomenon with the surrounding air. Through the progress of 
thermal treatment, the heat transfer takes place from the skin to the core. The 
initiation of reactions in the core causes an excess amount of heat in the core of 
the fibers, which cannot be dissipated as easily as that occurred at the surface. 
This results in an accumulation of the heat in the core, which catalyses the 
cyclization reaction in the core region to higher extent [57, 58]. 
Interestingly, dehydrogenation and oxidation reactions occurred to a higher 
degree in the core of the fibers. Although dehydrogenation can take place 
irrespective of the treatment atmosphere, the extent of dehydrogenation is 
generally higher in the presence of oxygen [69, 158]. The combination of excess 
heat in the core, yet a low level of oxygen, could be the key factors to enhance the 
progress of dehydrogenation in the core region of the fibers. Based on the 
previous studies [59, 69, 158], a higher extent of oxidation reportedly took place 
in the skin compared to core due to the availability of oxygen in the surrounding 
air. However, the C=O bonds existed throughout the cross-section of the fibers, 
and yet the concentration of C=O bonds was found in this study to be higher in 
the core. The promotion of cross-linking reactions could have reduced the C=O 
groups in the skin of the fibers compared to the core, which will be discussed 
further in the following sections. Therefore, the presence of skin-core 
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characteristics is due to differences in chemical composition between the two 
regions, which further defines the physical structure and properties across the 
cross-section in addition to the difference in diffusion rate of oxygen into the core 
of the fibers. 
Since dehydrogenation reaction leads to the conversion of C-C to C=C bonds [64, 
162], understanding the sp3 to sp2 hybridization of carbon atoms across the fiber 
cross-section will be critical for reinforcing and optimizing the occurrence of the 
dehydrogenation reactions that are capable of producing carbon fibers with 
enhanced structure and properties. To gain further insights into this aspect, 
Raman micro-spectroscopic measurements were conducted in line scan mode 
across the cross-section of the fibers. Raman spectroscopy gives information on 
the sp3 and sp2 hybridization of carbon atoms [141]. The collected Raman spectra 
revealed peaks at 1360 and 1590 cm-1, which are commonly known as the D and 
G bands, respectively. The D band is the characteristic diamond sp3 network that 
represents defect sites in carbon materials. The G band, on the other hand, is 
assignable to the first-order scattering of the E2g mode, and is thus indicative of 
sp2 carbon networks [86, 139].  To investigate changes in the carbon networking 
structure after thermal stabilization, the relative intensities of these two peaks 
(ID/IG) were calculated across the diameter of the fiber cross-section as a function 
of probing position as illustrated in Figure 5-8. 
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Figure 5-8. a) Representation of line scan along the diameter of the fiber (left to right 
positions 1-13). b) relative intensities of D and G peaks (ID/IG) observed across the cross-
section of the fibers that were treated for 12 min and 24 min at 240 °C. 
 
The plot in Figure 5-8b indicates that the ID/IG ratios obtained from both treated 
fibers were higher in the core than those in the skin. The results suggested that 
the sp3 hybridized carbons were present to a higher extent in the core than in the 
skin of the fibers.  However, no significant variation in the ID/IG ratios was observed 
in fibers treated for different times. This is likely due to the occurrence of rapid 
structural conversions in the initial stages and after thermal treatment these 
transformations might have reached a stable point for each particular 
temperature. Interestingly, this conversion trend was found to be in contrast to 
the dehydrogenation index observed across the cross-section of the fibers shown 
in Figure 5-7(c), suggesting that the increase of the concentration of any form of 
CH functional groups was not direct evidence of the formation of C=C groups. A 
higher degree of intermolecular cross-linking of polymer chains in the skin than 
the core could be the reason for this difference. 
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5.3.3 Proposed structures in the cross-section of the fibers 
 
   Considering the trends of the indices and the conversion of sp3 to sp2 
hybridization of carbon atoms across the cross-section of the fibers, a schematic 
of possible structural changes is proposed in Figure 5-9. The structures illustrated 
in Figure 5-9(a) could be a result of dehydrogenation and oxidative 
dehydrogenation reactions on cyclic structures. Some of the structures shown in 
Figure 5-9(a) were also suggested elsewhere [15, 55, 112, 136]. The cross-linking 
mechanisms in the skin and the core are presented in Figure 5-9(b) and (c). 
 
Figure 5-9. Proposed structural changes during thermal stabilization of PAN fibers a) 
possible changes in cyclic structures as a result of oxidation and dehydrogenation b) 
cross-linking mechanism in the skin of the fibers c) Reaction mechanism and cross-
linking in the core of fibers. 
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In the skin of the fibers, oxidative dehydrogenation reactions and cross-linking of 
the molecular chains occurred simultaneously with readily available oxygen in the 
surrounding air. At first, with progress in thermal treatment, oxygen reacted with 
the cyclic structures and initiated the oxidative dehydrogenation reactions in the 
skin, which further led to the formation of ketone groups in the structure with the 
loss of water molecules. These structures subsequently underwent tautomeric 
changes and evolved as hydroxyl pyridine and pyridone structures in the polymer 
backbone [55]. The presence of C=O and carboxyl groups in the polymer backbone 
promoted cross-linking by elimination of H2O as shown in Figure 5-9(b). The cross-
linking of molecular chains could further led to the evolution of conjugated planar 
structures in the skin of the fibers. The formation of these conjugated structures 
in the stabilized fibers will act as a basis for the evolution of pseudo graphitic 
structures in the fibers during the carbonization process [153, 154]. 
In the meantime, oxygen will diffuse from skin to core. The heat that transferred 
from the surface of the fibers and the generation of extra heat from rapid 
cyclization triggers a partial dehydrogenation in the core as shown in Figure 5-9(c). 
As the oxygen diffuses into the core over time the initiation of oxidative 
dehydrogenation reactions take place. Two possible structures that could evolve 
in the core of the fibers are shown in Figure 5-9(c). An intermediate structure 
which can be associated with the formation of bridging oxygen atoms between 
consecutive molecules which had already experienced partial dehydrogenation. 
This is further supported by the spectra shown in Figure 5-9(c). Since ethers can 
be detected in the range of 1000 to 1300 cm-1 wavenumbers [163], a peak at 
~1150 cm-1 (indicated in FTIR spectra in Figure 5-9(c)) is assigned to ethers (C-O-
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C) [136]. On the other hand, the formation of carboxyl and C=O groups in the 
polymer backbone takes place in other parts of the molecular chains. However, 
because of the presence of structures with bridging oxygen atoms the cross-
linking mechanism will not be as efficient as in the skin of the fibers. In addition, 
based on the spectra provided in Figure 5-9(c) it is evident that the intensity of the 
peak at ~1150 cm-1 increased as we move from the skin to core of fibers 
supporting this proposal. Moreover, this proposed mechanism for the structural 
transformations is also supported by the presence of higher concentration of C=O, 
CH functional groups and sp3 hybridized carbon atoms in the core (as presented 
in the section 5.3.2). Consolidating the current theory, based on the results from 
synchrotron macro ATR-FTIR and Raman studies, a schematic illustration in Figure 
5-10 shows the existence of various chemical structures in the skin and core of the 
fiber cross-sections. 
 
Figure 5-10. Schematic illustration of proposed mechanisms occurred during thermal 
stabilization, according to chemical distribution observed on the fiber cross-sections 
using high resolution synchrotron ATR-FTIR and Raman techniques. 
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5.3.4 Confirmation study  
 
     In order to confirm the observed structural transformations, samples from the 
fiber tow were analyzed using WAXS studies. In the lab based X-ray diffraction it 
is merely possible to conduct analysis on a bunch of fibers. It is difficult to obtain 
accurate data regarding micro structure because the orientation of crystallites as 
well as the intensity of the characteristic peak of the fibers varies with respect to 
sample quantity and the alignment of the fibers in a bundle [103-105, 164]. Hence, 
this analysis was performed on monofilaments to avoid the inaccuracies 
accompanied by the tilt of the fibers in a fiber bundle. In the first part of this 
analysis, a set of 8 fiber samples treated from 0 to 24 min were analyzed to 
understand the correlation between variation in thermal behaviour using DSC 
analysis (as mentioned in Section 3.3.2) and the microstructural transformations. 
To confirm the structural differences within the fiber, the second part of the study 
was focused on the crystallite size variations in the lateral direction of the fibers 
treated for 0 and 24 min samples were analysed using micro-WAXS analysis with 
results being compared with the cyclization index shown in Figure 5-7(b). 
The thermal behaviour of the fibers was examined to understand the progress of 
stabilization with respect to time. The exothermic heat curves of the fibers are 
shown in Figure 5-11(a). It is evident that the exothermic behaviour decreased 
with time. The first peak of the exothermic curves corresponds to the conversion 
of CN to C=N in the molecular chains [16]. A cyclization index is calculated based 
on the variation in the area under the first peak of the exothermic curves as 
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mentioned in Section 3.3.2. The WAXS patterns of the samples treated at various 
times are shown in Figure 5-11(b). The scattering arcs shown in Figure 5-11(b) 
corresponds to the crystal planes (100) and (110). With the progress in treatment 
time there is a change in the intensity of scattering that indicates micro-structural 
variations in fibers. An apparent crystallite size for each sample was calculated 
using the Scherr’s Equation 5.3. In this equation, the full width at half maximum 
intensity of the peak at 2 = ~6.6° was obtained from intensity vs 2 relationship. 
Intensity vs 2 for each sample was obtained by perfoming a radial intregration 
on the data between  =  10° and 2 = 0 to 15°.  
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Figure 5-11. a) Exothermic curves of the samples b) WAXS data c) Relationship between 
cyclization index and apparent crystallite size of PAN precursor and fibers heat treated 
for 2 – 24 min. 
A correlation between cyclization index and the apparent crystallite size is shown 
in Figure 5-11(c). From Figure 5-11(c) there is an increase in the cyclization index 
from 10 % to 59 % for fibers treated between 2 and 24 min. An initial increase with 
a maximum at 2 min stabilization time and following decreasing trend is evident 
in the apparent crystallite size with respect to treatment time. The initial increase 
in crystallite size is because of the occurrence of cyclization initially in the 
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amorphous region of the fibers. As the cyclization in the amorphous phase 
progresses and force the molecular chains towards the crystalline phase. This 
further leads to the growth of crystallite size [101]. After 5 min a declining trend 
is observed in the crystallite size which continued until 24 min. When the energy 
is sufficient enough, the cyclization reaction will proceed towards the crystalline 
region and split the crystallites which leads to a decrease in crystallite size [95]. 
Based on this discussion it can be suggested that the higher the degree of 
cyclization in the fibers, the lower the crystallite size.  
 
Figure 5-12. a) An example of X-ray scattering data from the skin and the core of the 
samples b) Apparent crystallite size across the fiber cross-section treated for 0 (PAN) 
and 24 min at 240 °C 
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Further X-ray analysis was performed in the lateral direction of PAN and 24 min 
treated fiber samples. The apparent crystallite size along the lateral direction of 
the fibers was calculated from the scattering data shown in Figure 5-12(a). For 
PAN fibers, the apparent crystallite size is slightly higher in the core compared to 
the skin, whereas for the 24 min treated sample the size of the crystallites 
decreased from the skin to the core. Overall, the size of the crystallites of the 24 
min treated sample is lower than the PAN fibers because of the occurrence of 
crystal rupture with the progress of stabilization reactions.  
Considering the relationship shown in Figure 5-11(c) and the variation of 
functional group (i.e., CN to C=N) and apparent crystallite size in the fiber cross-
section shown in Figure 5-7(b) and Figure 5-12(b), it can be depicted that the 
apparent crystallite size of the treated fiber is lower in the regions where the 
fraction of reacted nitriles are higher. Hence, it is confirmed that the cyclization 
reaction occurs to a greater extent in the core than the skin. This reinforces the 
proposal made in section 5.3.3 where the combination of occurrence of a higher 
extent of cyclization reaction in the core and the limited diffusion of oxygen from 
the skin to the core led to a difference in the intermolecular cross-linking 
mechanism in the fiber cross-section.  
5.4 Conclusions 
 
      Structural differences in the cross-section of PAN precursor fibers during 
thermal stabilization were successfully revealed for the first time using a 
combination of high resolution synchrotron ATR-FTIR mapping and Raman micro-
spectroscopy. A clear ‘cup and cone’ characteristic in the distribution of C≡N and 
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C=N groups across the cross-section of the fibers indicated that the cyclization 
reaction occurred to a higher extent in the core compared to skin of the fibers. A 
similar trend was observed for dehydrogenation and oxidation reactions. 
However, the observed higher concentration of sp2 hybridized carbon atoms in 
the core was evidence that the decrease in CH2 and increase in CH functional 
groups was not inevitably the cause for the formation of C=C. This contradiction 
may be due to the difference in cross-linking mechanisms in the skin and core. 
Based on the trends of the extent of reactions and conversion of sp3 to sp2 
carbons, various structural transformations were proposed in the skin and core. It 
was found that the cross-linking structure in the skin was favoured by the 
formation of ketone, hydroxyl pyridine and pyridone structures in the polymer 
backbone catalysed by an excess amount of oxygen available in the surrounding 
air. The bridging of oxygen atoms between molecules was favoured by the 
promotion of dehydrogenation in the core of the fibers due to the excess heat 
produced from the rapid cyclization reaction. This phenomenon hindered the 
progress of cross-linking in the core, because of reduced cross-linking sites leaving 
a higher concentration of C=O and CH functional groups. In support of these 
observations, WAXS studies showed that the apparent crystallite size is lower in 
the core compared to the skin of the fibers. Indicating that the cyclization reaction 
occurred in higher extent in the core than the skin of the fibers which supported 
the proposed mechanism for the formation of skin-core. Overall, the results from 
this study indicated that the skin-core difference in stabilized fibers evolve from 
heterogeneity in the cross-linking mechanism of molecular chains from the skin to 
the core of fibers. 
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CHAPTER SIX
 
6. Conclusions and Future Work Recommendations 
 
6.1 Conclusions 
 
Radial heterogeneity or the skin-core effect in the carbon fiber cross-section is 
considered to be one of the main reasons for the gap between the actual and 
predicted values of tensile properties. A majority of the studies have suggested 
that the origin of this heterogeneity across the fiber depends on the structural 
development during the thermal stabilization process. In the literature, studies 
have been conducted to understand the formation of the skin-core effect or the 
radial heterogeneity in stabilized fibers.  However, the presented reasons for the 
evolution of the skin-core effect were typically based on assumptions and 
contradicting theories. In addition, various factors that affect the radial structure 
of the thermally stabilized PAN fibers were not examined. Hence, this work 
presents a fundamental and systematic understanding of the formation of radial 
heterogeneity and its definition in terms of radial structure and properties of the 
fibers during the thermal stabilization process. This section summarizes the 
important outcomes from each chapter of this thesis, which are given below: 
Investigations in the Initial Stage of Thermal Stabilization of PAN Precursor  
In Chapter 3, the importance of balance between process parameters during the 
thermal stabilization process of PAN was highlighted by conducting a systematic 
study on selected parameters in the initial stage of the thermal stabilization 
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process, where skin-core formation is likely to occur. The significant findings of 
this work are: 
 A combination of high temperature, longer dwell time and low tensions can 
enhance the progress of reactions during the thermal stabilization process. 
However, it was identified that high treatment temperatures lead to the 
evolution of radial heterogeneity. 
 After analysing the heterogeneity in fibers in the radial direction using nano-
indentation, a lower modulus was observed in the skin compared to the core 
for virgin PAN and stabilized fibers. This was attributed to the dense packing 
of the fibrils in the core compared to the skin. However, no variation in the 
skin and core fracture morphology was observed in the fibers with the skin-
core effect as proposed in the literature. 
 Possible reasons for the formation of the skin-core effect at high 
temperatures were discussed. This includes the heterogeneous distribution 
of oxygen across the fiber cross-section as well as the rapid cyclization 
reaction in the fiber core. 
 
Influence of Oxygen on the Radial Structure and Modulus 
In Chapter 4, as a continuation to the questions raised in Chapter 3, a comparative 
study was conducted between the samples treated in air and vacuum to 
understand how the oxygen environment influences the structure and modulus 
differences in the fiber cross-section. The attained understanding of the effect of 
atmosphere on the skin-core formation can provide pathways to reduce the 
structural defects in the resultant carbon fibers. In order to generate the skin-core 
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effect, the fibers were treated at temperatures from 180 to 360 °C in steps of 30 
°C. The significant outcomes from this study are as follows: 
 The presence of oxygen in the treatment environment plays a critical role in 
the formation of the skin-core effect. While air treated fibers showed a skin-
core effect, vacuum treated samples appeared homogenous.  Moreover, the 
absorption of oxygen into the fibers strongly depends on the treatment 
temperatures— the higher the temperature, the higher the oxygen wt% in 
the fibers. 
 In the samples treated in air, the skin possessed a higher modulus than the 
core. This was attributed to the development of denser regions following 
the promotion of intermolecular crosslinking with the diffusion of oxygen in 
the skin of the fibers. In contrast, in the vacuum treated samples no 
difference in the radial modulus was observed.  
 The hypothesis of the formation of these compact regions in the skin was 
supported by the higher conversion of sp3 to sp2 carbon atoms in the skin 
compared to the core of the fibres treated in air.  
 These findings were further supported by the existence of heterogeneous 
fracture behaviour in the cross-section of the fibers treated in air where the 
skin showed a brittle fracture behaviour whereas the core displayed a 
ductile fracture.  
 The differences in the radial modulus and the fracture morphology of the 
fibers are in contrast to the observations in Chapter 3, which may be caused 
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by processing the fibers under extreme conditions, such as the use of larger 
temperature steps and no tension. 
 
Thermally Induced Structural Transformations and Evolution of Radial 
Heterogeneity 
In continuation to the work in Chapters 3 and 4, details on the structural 
differences in the fiber cross-sections with skin-core effect were further discussed 
in Chapter 5. The progress of stabilization reactions across the fiber was assessed 
using IR imaging. Understanding the extent of reactions in combination with the 
variation in the sp3 to sp2 hybridized carbon atoms across the fiber cross-section 
helped in defining the major structural differences in the skin and the core. This 
work allowed for further understanding of the driving force behind the evolution 
of the structural differences along the fiber radius. The important results from this 
work are presented below: 
 IR mapping of fibre cross-sections revealed that the extent of the 
stabilization reactions is higher in the core compared to skin of the fibers 
based on the presence of the functional groups C=N, CH and C=O. While the 
higher cyclization (C=N) can be explained by the lack of heat dissipation from 
the core, the reason for the higher content of CH and C=O associated with 
dehydrogenation and oxidation, respectively, was further investigated. 
 The assumption of higher C=C functional groups as a result of increased 
dehydrogenation as stated in the literature was disproved by analysing sp3 
to sp2 carbon conversion across the cross-section of the fibers. Using micro-
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Raman, evidence has been provided for the first time that the 
dehydrogenation index is not a direct indication for the formation of C=C in 
the fiber structure as the C=C functional groups were lower in the core. The 
higher amount of C=C bonds in the structure of the skin was associated with 
the cross-linking of the molecular chains. 
 Based on the distribution of functional groups and the difference in the 
hybridization behaviour of carbon atoms across the cross-section of the 
fibers, it was identified that an efficient cross-linking occurred in the skin 
compared to the core of the fibers.  
 The possibility of the formation of bridging oxygen atoms in the molecular 
structure may have hindered the progress of cross-linking in the core of the 
fibers. This led to the presence of higher percentage of C=O and CH 
functional groups in the fiber core. Based on this analysis a proposed 
mechanism was presented. 
 XRD studies on monofilaments identified that - the higher the extent of 
cyclization, the lower the apparent crystallite size. The apparent crystallite 
size in the treated fibers is lower than the original PAN fibers and the core 
of the 24 minutes treated sample possessed lower crystallite size than the 
skin of the fibers. This result supports the higher extent of the cyclization 
reaction in the core and further reinforced the proposed mechanism of 
intermolecular cross-linking in the skin and core of the fibers.  
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Summary  
The evolution of the skin-core effect in the fiber cross-section is triggered by a 
combination of heterogeneous distribution of oxygen in the fiber cross-section 
and a higher extent of the cyclization reaction in the fiber core during the thermal 
stabilization process. Simultaneous occurrence of these phenomena causes a 
difference in crosslinking mechanisms in the skin and the core of fibers and can be 
explained by the following steps: 
1. Due to the lack of heat dissipation from the core a higher extent of the 
cyclization reaction takes place. 
2. This is followed by partial dehydrogenation in the fiber core in the 
absence of O2, which further leads to the formation of C=C structures in 
the core. 
3. As O2 reaches the core, the existence of cyclized and C=C structures in 
the molecular chains favours the formation of bridging oxygen atoms 
between molecules by oxidation reaction, which hinders the 
intermolecular cross-linking. 
4. This phenomenon further leads to an inefficient cross-linking 
mechanism in the core compared to the skin and evolves as the skin-core 
effect.  
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6.2 Future work recommendations 
 
From the outcomes of this work, in this section suggestions are given to further 
enhance the understanding of the formation of the skin-core effect and its 
implications on the fiber cross-sectional structure and properties. 
1. The results of Chapter 3 and 4 suggest that the variation in the radial 
modulus can be influenced by the application of tension on the fibers 
during thermal stabilization. As tension also has an effect on the progress 
of reactions in the fibers during thermal treatment, the influence of 
tension in defining the radial structure and modulus of the stabilized fibers 
and their resultant carbon fibers should be investigated. 
2. The knowledge attained from chapter 5 for isothermal heat treatment 
could be extended to analyze the structural development in the fiber 
cross-sections at each zone of the stabilization process; and it can be used 
to optimize the process conditions to improve the quality of the stabilized 
fibers. 
3.  The results of chapter 4 suggest that the treatment atmosphere has a 
significant effect on defining the radial structure and properties of the 
fibers. In the vacuum treated samples, the structure and modulus 
distribution is uniform in the fiber cross-sections. The application of IR 
imaging on the fiber cross-sections could help to attain knowledge on 
atmosphere dependent progress of reactions in a radial direction. By pre-
treating the fibers in vacuum at various processing conditions, the progress 
of reactions in the fiber cross-section can be controlled. The pre-treated 
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fibers can be post-treated systematically in air to further understand how 
the radial structure evolves. Using this method, the cross-sectional 
structure of the fibers can be tailor-made to further control the overall 
properties of the resultant carbon fibers. 
4. Overall, the current work focussed on the evolution of radial 
heterogeneity in the stabilization stage of the carbon fiber manufacturing 
process. However, it could be useful to extend this work to understand the 
influence of the formation of the skin-core effect in the stabilized fibers on 
the development of structure and properties of the resultant carbon 
fibers. 
5. Other than the process parameters presented in the current work. In 
the industrial point of view air flow velocity in a stabilization oven play a 
critical role in thermal stabilization of PAN precursor fibers. Hence, the 
relationship between the recirculation fan speed and the progress of 
reaction, evolution of radial heterogeneity in the PAN precursor fibers will 
be established using a multi tow pilot line at Carbon Nexus. 
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Appendix A 
 
The influence of the process parameters at each level was obtained by taking the 
mean values of the respective results from each experiment (see Table 3-3 and 
Table 3-5). For example, in this section the information about plotting the 
relationship between process parameters and the density is given. Following 
formulae were used to plot each data point shown in Figure 3-3(a). Similar 
approach was used for obtaining the trends of cyclization index, fraction of 
reacted nitriles and dehydrogenation index. 
Temperature trend: 𝑇𝑑1 =  
𝐸1+𝐸2+𝐸3
3
 ,   𝑇𝑑2 =  
𝐸4+𝐸5+𝐸6
3
 ,  𝑇𝑑3 =
 
𝐸7+𝐸8+𝐸9
3
 
Dwell time trend: 𝐷𝑑1 =  
𝐸1+𝐸4+𝐸7
3
, 𝐷𝑑2 =  
𝐸2+𝐸5+𝐸8
3
,  𝐷𝑑3 =  
𝐸3+𝐸6+𝐸9
3
 
Tension trend: 𝐹𝑑1 =  
𝐸1+𝐸6+𝐸8
3
, 𝐹𝑑2 =  
𝐸2+𝐸4+𝐸9
3
,  𝐹𝑑3 =  
𝐸3+𝐸5+𝐸7
3
 
Where ‘T’, ‘D’ and ‘F’ indicates temperature, dwell time and tension, respectively. 
The first subscript ‘d’ indicates density and second subscript indicates level of the 
process parameter. E1, E2, E3…etc represents the density values corresponding to 
each experiment (see Table 3-5).  
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